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SCIENCE @ WORK 


With Sigma, standardize your proteomics research 


Introducing the Universal Proteomics Standard Set, the first commercially 
available proteomics standard; developed in collaboration with the Association 
of Biomolecular Resource Facilities Proteomics Standards Research Group: 


= Validate analytical method development 
= Calibrate or troubleshoot methods and instrumentation 


= Benchmark data among labs 
To learn more visit: sigma.com/ups 
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Connect the Dots. 


PathwayArchitect* Software from Stratagene —make finding relationships simple. 


(Our next-generation PathwayArchitecte Software is designed forthe life scientist 
Who needs to obtain facts about a disease-relevant biological pathway as well as 
understand the statistically relevant relationships in their system and integrate 
complex numerical data. The guided workflow within the software takes you 
through the steps of searching for your pathway of interest. You can also build a 
pathway based on alist of genes and utilize the software to integrate and analyze 
your numerical data. 


TRY IT 
FREE TODAY! 


2 Download a 
+ Pata dataaneepands + Uncover nw bolepies! + Viele your expreon 2 trial version today at 
ee ey, eee ates ea www.stratagene.com/softwaresolutions. 
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you've got 
better 
things 
Lor Ore 
better consistency 
better purification 


better results 


Introducing 
Personal Automation™ 


GE Healthcare 


Bringing protein analysis 
to life with Ettan DIGE and 
Amersham ECL 
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Epigenetic Decisions in Mammalian Germ Cells 
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QlAcube — pure efficiency 


= 
reddot design award > 
winner 2007 
ee. 
Eliminate manual processing steps q 


Continue to use trusted QIAGEN spin-column kits 
Free up your time with affordable, automated sample preparation —_ 
Purify DNA, RNA, or proteins from up to 12 samples per run 


Standardize your results and increase your productivity 


Science 


SCIENCE EXPRESS 


DEVELOPMENTAL BIOLOGY 

Blastocyst Axis Is Specified Independently of Early Cell Lineage But 

Aigns with the ZP Shape 

¥. Kurotaki, K. Hatta, K. Nakao, ¥. Nabeshima, T. Fujimori 

Time-tapse imaging shows that the axis of the mouse embryo ts not specilieg 

{intrinsically buts influenced by the shape ofthe averying zona pellucida. 
10.11264cience.1138591 


PLANETARY SCIENCE 

Regolith Migration and Sorting on Asteroid Itokawa 

H. Miyamoto etal 

Processes at work on asteroid tokawa are documented in detailed pictures from the 

Hayabusa spacecraft, showing evidence of sorting due to shaking and convection. 
10.1126science.1134390 
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PLANT SCIENCE 

Ha3a Protein Is3 Mobile Flowering Signa in Rice 

5, Tamaki, 5. Matsuo, H. L Wong, 5. Yokoi, K, Shimamoto 
1O.A26iscience.1141753 


FT Protein Movement Contributes to Long-Distance Signaling in Floral 
Induction of Arabidopsis 

L. Corbesier et al. 

The protein product othe genes Haan ice and FT in Arabidopsis are the elusive 
orig signals that move from leat to shoot to induce flowering 

10.1 126/sience.1141752 
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MOLECULAR BIOLOGY 

Developmentally Regulated piRNA Clusters Implicate MIL! in Transposon 

Control 

A.A. Aavin, R. Sochidanandm, A. Girard, K. Fejes-Toth, G. J. Hannon 

‘Asmall class of RNA found ony inthe germline helps to suppress transposons— 

parasitic DNA clements—in mice as they do ln Drosophila. 
10,1126iscience,1142612 
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Retraction H. Bahlenius eta 
‘AThank You from Tulane University L. 5. Levy 
Astrobiology and Missions at NASA. 6. Pilcher 
cyte Donation for Stem Cell Research 

‘M, Darnovsky and 5, B. Fogel: B. M. Knoppers eta 
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>> Gea Cel section p. 207 


CORRECTIONS AND CLARIFICATIONS 


BOOKS £7 AL 


Coming to Life How Genes Drive Development 
. Misslein-Vothard, reviewed by N. H. Patet 
Baby at Risk The Uncertain Legacies of Medical 
‘Miracles for Babies, Families, and Society 

R, L. Guyer, reviewed by S.A, Lorch 
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PERSPECTIVES 

‘SCARECROWs at the Border 377 
L.Dolan >> Reseerch article. 421 

Food for a Volcanic Diet 378 
. Herabeng >> Research Ani 

‘An Ancient and intimate Partnership 379 
CM. Wilmot >> Reports pp. 449 and 453 

‘A New Spin on Saturn's Rotation 380 
F Bagenal >> Report p 442 

Rapid Domestication of Marine Species 382 
CM. Duarte, N. Marba, M. Holmer 

‘Aging and Sexual Conflict 383 


R, Dean, M. B. Bonsall, 7. Pizzari 


TECHNICAL COMMENT ABSTRACT 


EVOLUTION 
Comment on “Ongoing Adaptive Evolution of ASPM, 
.4 Brain Size Determinant in Homo sapiens” 

F Yuet al 
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BREVIA 


DEVELOPMENTAL BIOLOGY 
Temperature Sex Reversal implies Sex Gene Dosage 
ina Reptile 

AE, Quinn etal. 

Sex ina lizard with zzw sex determination can be determined either 
‘genetically or by high temperatures during incubation, mechanisms 
‘thought tobe mutually exclusive 


RESEARCH ARTICLES 
GEOCHEMISTRY 

The Amount of Recycled Crust in Sources of 
Mantle-Derived Melts 

AV. Sobolev etal. 

The amounts of nickel, cobalt, and other elements in crystals in many 
‘oceanic volcanic rocks imply that reycle oceanic crust i important 
Tn generating melt in Earth's mantle. >> Perspective 378 
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Bibliographies made 


For over two decades, EndNote® has been the 
industry standard software tool for ceatng and 
‘managing bibliographies. Now with EndNote X and 
EndNote® Web, we are creating a new standard 
for ease-of-use. And that has students, 
Fesearchers, writers and librarians 


jumping for joy. 


EndNote X connects seamlesl to our newest sevice, 
EndNote Web, s0 you can organize your research and 
collaborate with colleagues and students— 
anywhere, anytime With EndNote X you can move 
references to and from your Web brary wth 
‘ease and cit references from both 

locations ina single paper. And, 

EndNote Web provides unique integration with ISt Web of KnowkedgeS™ giving 
you one-click acess to a wealth of content such as dynamic links to times cited 
detail, elated records and more. 


EndNote X and EndNote Web are nat only Xtra easy to use, but also Xtra easy to 


‘ork with throughout your organization—and all ver the word E d Nola 


Advance Your Scholarly Publishing Today! ..Bibliographies Made Easy™ 
www.endnote.com * www.endnoteweb.com 


‘Thomson ResearchSoft 
800-722-1227 + 760-438-5526 
www.researchsoft.com rs.info@thomson.com 
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RESEARCH ARTICLES CONTINUED. 


CELL BIOLOGY 
Genes Required for Mitotic Spindle Assembly in. 417 
Drosophila S2 Cells 

G Goshima et al. 

/Awhole-genome screen identiies the 208 genes involved in 
assembling the mitt spindle in Wes and how they might 
‘contribute to cancer and other abnormalities. 

PLANT SCIENCE 

‘An Evolutionarily Conserved Mechanism Delimiting 421 
SHR Movement Defines a Single Layer of Endodermis 

in Plants 

H.Cuietal, 

‘Adilusible transcription factor specifies a ayer exactly 

‘one cll hick n plant rot tips because asi enters a cel, 

Wis restrained permanently by a binding protein, 

>> Puspectiv 377 
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PHYSICS: 
"Nonequilibrium Phase Transitions in Cuprates 425 
Observed by Ultrafast Electron Crystallography 

N. Gedik etal. 

Exposure to intense light at low temperature induces phase 
transion na cuprate superconductor during which it enpands 
within a few pcoseconds and then gradually contrac 

PHYSICS 

Negative Refraction at Visible Frequencies 430 
H,Jlezec, JA, Dionne, H.A. Atwater 

[thin waveguide composed of thin ayers of go, icon mkride, 
and silver produces a negative index of relraction at lve and geen 
wavelengths, 

MATERIALS SCIENCE 

Creep-Resistant,Al,0,-Forming Austenitic 433 
Stainless Steels 

¥ Yomamoto etal 

{8y eliminating titanium and vanadium rom a set alloy, enough 
Aluminum cn beaded to enhance resistance to oxidation thigh 
temperatures while retaining ts strength. 

MATERIALS SCIENCE 

Synthesis of Ultra-Incompressible Superhard 436 
‘Rhenium Diboride at Ambient Pressure 

HAY. Chung 

ARhenlum éborde cysts, which can be synthesized by meting at 
ambent pressure, are hard enough to scratch diamond. 


RN AAAS 


379, 449, & 453 
CHEMISTRY 
Facile Splitting of H and Ammonia by 439 
‘Nucleophilic Activation at a Single Carbon Center 
GD. Frey etal. 


Stable eecror-tich carbene molecules can activate hydrogen and spit 

ammonia, processes that have typically required a metalic reagent, 

PLANETARY SCIENCE 

The Variable Rotation Period of the Inner Region 442 

of Saturn's Plasma Disk 

D.A Gumett etal. 

Saturo’s stint radia emission, thought to reflec the trace ofthe 

actual rotation ofthe planet, instead i produce by convection ints 

plasma ask independent af its tation, 

>> Penpectvep. 380 

GENETICS 

Strong Association of De Novo Copy Number 445 

‘Mutations with Autism 

J Sebot etal. 

Inviuats with autism are more likly to show variations in 

the numberof copes of certain genomic regions than ae thelr 

natlecte relatives. 

BIOCHEMISTRY 

Raman-Assisted Crystallography Reveals End-On 449 

Peroxide Intermediates in a Nonheme Iron Enzyme 

G. Katona et al. 

Jnterredtes in a reaction catalyaed by superonde reductase adopt 

‘end-on configurations that promote Fe-O bond cleavage, 

>> Perspective p37 

BIOCHEMISTRY 

Crystal Structures of Fe®* Dionygenase Superoro, 453 

Alkyiperoxo, and Bound Product intermediates 

E.G. Kovoleva ond J.D. Lipscomb 

ach subunit a tetrameric, ring-cleaving dorygenase harbors 
diferent intermediate, showing how it wansfes electrons rom 

‘substrate to cxygen to intiat cleavage. 

> Perspective p. 379 

NEUROSCIENCE 

‘Neuronal Competition and Selection During 487 

Memory Formation 

JH. Hon 

‘During formation ofa memory ina fearful situation, rat neurons 

with higher amounts ofthe transcription factor CREB are recruited 

{or selective enhancement. 
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= Electrophoresis 


An old frend — with some new tricks. 


For over 20 years, the Bio-Rad Mini-PROTEAN® system has set the standard for excellence in 
‘protein electrophoresis. Now the best mini electrophoresis system is even better — introducing 
the Mn: PROTEAN® Tetra col system. 


The new Mini-PROTEAN Tetra system offers: 
* Ability to run up to 4 mini gels 

= Easier assembly 

* Virtually leak-free hand casting and running 

= Ability to run either handcast or precast gels 


For more information, visit us on the Web 
at www.bio-rad.com/ad/miniproteantetra/ 


Double you throughout wih tha 
Mei PROTEAN Teta ot system, 


Vist us on the Web at digeoverbiorad.com 
Cal tot ree at 1-200-<BIORAD (1-800-424-6723); BIO-RAD 


outside the US. contact your local sales office. 


SCIENCENOW 


Bringing Sex Back 
‘Alter milion of years of celibacy, soil mites launch a 

sexual revolution, 

No Twisting Out of Newton's Law 

New experiment confirms force acceleration connection 

for tiniest shoves, 

Chimps Are Champs of Genetic Changes 

Natural selection acted more heavily on chimpanzee genome 


Sooke pee 
Growing pollen tbe 
SPECIAL SECTION 
Germ Cells Witedo Colin with RI student. 
SCIENCE'S STKE SCIENCE CAREERS 
EDITORIAL GUIDE: Focus Issue—From Egg to Egg— IMISCINET: Profile—Wwilfredo Colén 
Cell Signaling in Germ cls Assos 
EM. Aer ond NR Gough ‘biochemist at wanes miosis department 
Sigs om th surourdeg aes isn and pope 
~ aapiel gales GLOBAL: Mind Matters—Culture Shock 
PERSPECTIVE: What Itt Beind—Quaity Control ae 
in Germ Cell Migration owing what's aheod can make adjusting toa new cuttre easier 


B, Boldajipour and E. Raz 
Drosophila and mouse use diferent molecules but simitar 
‘mechanisms to guide migration of primordial germ cells 
and eliminate those that fall to migrate, 


PERSPECTIVE: Pollen-Pistil Signaling in Self-Incompatible 
Poppy—Does It Allow More Efficient Resource Allocation 
in the Pistil? 

8, McClure 

Destruction of incompatible pollen tubes may leave more resources 


available for supporting the growth of compatible ones. SCIENCEPODCAST 


>> Geum Cel section p30. 


US: Tooling Up—"Culturing’ Your Marketable Skills 
D. Jensen 

‘Some carer skills need to be developed before employers can 
recognize and rely on them. 


Tune into the 20 Aprit Science 


—_ Podcast to hear about NIH's 
budget crunch, the influence 
of temperature on sex 

—_ 


determination in reptiles, 


: nestication of marine species, 
and more, 


d 
sawn iene abou Vpodcst tl 


Separate individual or institutional subscriptions to these products may be required for full-text access. 
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T4 DNA Ligase from New England Biolabs 
WHEN YOU NEED LIGASE, TURN TO THE INDUSTRY STANDARD 


New England Biolabs is dedicated to r 


Our recombinant T 


roviding our customers with guaranteed enayme perto 


INA Ligase is the most extensively used ligase for cloning experiments 


throughput technologies, For c 
NEB your fist choice 


= TADNA Ligase* EL 
Aequar Concentra 


igh Concentration 
Fot lage or difficult constructs 
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*NEBligam roduc ae BSA fee 


For more ifonnation and ou international distribution network, please vist WWW.NeD.COM 
New Eland ila, es an S090 cei crpany 
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TED BY STELLA HURTLEY AND PHIL SZUROM! 


<< That's Far Enough 

In the developing root tip of Arabidopsis, the transcrip: 
tion factor SHORTROOT (SHR) moves from cell to cell 
However, the cells that are the target ofthis mobile tran 
scription signal form a layer that is only one cel thick. Cui 
et ol. (p. 421; see the Perspective by Dolan) now eluc 
date the interactions that send the mobile signal just so 
far, and no further. When SHR moves to the adjacent layer 
of cells, it mets its mate, the SCARECROW (SCR) protein, 
to which it Binds. Together, SHR and SCR move to the 
nucleus and regulate transcription of the SCR gene. An 
excess of SCR protein scavenges the peripatetic SHR, and 
with more SCR available on demand, SHR and its develop 
‘mental signal cannot move out any further than that first 
cell layer 


Mantle Melt Mixing 


The heterogeneity of the convecting mantle isa 


publishe 
by Heraberg) have 
arating out the recycl 


online 29 March; see tl 


Bending Visible 
Light Backward 


terials, or metamaterials, with tun 


ments, including Ni, Ca, Co, Mn, Cr, and nagnetic responses can give 


dex of refraction, in which, 


amassed a large sampl ine phe 


ectromagnetic radiation is bent in the opposite 


hoctysts collected from basalts from mid-ocean 


ection from that expected for natural materi 


provinces. fon microprobe analyses were carte 
‘out for 17,000 grains from 232 samples. By 


aking have also been dem 
wavelengths. Lezec et af. (p, 430, published 


ng thelt compositions jointly, variation 


forthe different basalt types that can | can un n optical excitation online 22 March) now demonstrate negative 
be ascribed to crustal mixing material. | Using e refractive index in the visible regime, providing 
cted in almost all melting environments, | i the potential of practical devices, such as super 


to potential temperature an 
the lithospher 


Beating Creep in the Heat 


x ht Heat engines ae usually more elfcient when 
© Measuring More Than an they operat high epee bu al 
H o 4 als properties, particulary creep strength, tend 
® Saturn's Rotation wo degrade at edended elevated smperature. 
Saturn's true inner rotation rate shard to deter Nickel-based superalloys can overcome thi 
3 mine because the gas giant planet is swathed in problem but are too expensive for widespread 
measure that hasbeen used isthe modula | & but their protective chromium oxide layers do 
tion of intense radio emission (Satur kl ntensily induces a discrete lattice expansion | not have suficient oxidative resistance at high 


radiation) caused by the rotation of th 
‘magnetic dipole. However, some changes in tim 
then 


e, but at high Al content, steel 
rite phase. Yamamoto et al, 
) show that by eliminating titanium and 


re stippa 
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the rotation of the plasma surroundi 


that may also mo 
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ExoSAP-IT? 
Your loss. 


ExoSAP-IT 


‘urope: +49(0)76 33-' 933 400 or Uist wnrw.usbweb.de/exosa 


d Genomics, Inc. 


Lightweight Cleaver announces the launch of 
MAMMOSTRAT 


a tool to assess the likeli 


ih 
electrons from 
Frey etal (p. 439) 
hylamino)carbene. Like a trae 
of recurrence for early sta: 


patients. 


moStrat™ provid 
totic nl ind their 
with personalized risk 


assessment. The test aims 
to identify patients most 
Goshima et ol ikely to benefit from 
or avoid more 
aggressive therapy. 


An inexpensive, prognostic 
immunohistochemistry test 
currently reimbursable 
by insurers 


Uses standard diagnostic 
ders, the n q 7 technology 


ua pests hath eae ik Pcie a AGI offers MammoStrat 
through the Molecular 
Profiling Institute 
www.molecularprofiling.com 


For more information on the 
creation and validation of 
fan al MammoStrat 
www.applied-genomics.com 


os Ali 
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by Wilmot), Kovateva and Lipscomb 
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Ablis a proud Associate of the 

Hudson-fipha Institute 
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Looking for solid ground in the ever-changing 
landscape of science & technology 
policy and budget issues? 


Join the nation’s top S&T experts at the 32nd Annual 
AAAS Forum on Science & Technology Policy 
3-4 May 2007 * Washington DC 
International Trade Center in the 
Ronald Reagan Building 


The AAAS Forum an Science and Technology Policy provides a setting 
for discussion and debate about the federal budget and other policy 
issues facing the science, engineering, and higher education commu 
nities. Initiated in 1976 as the AAAS R&D Colloquium with about 100 
participants, the Forum has emerged as the major public meeting in 
the U.S, devoted to science and technology policy issues. It annually 
draws upwards of 500 of the nation’s top S&T policy experts. 


* Get a full analysis of the * Registrants will receive, at 
President's federal R&D the Forum, AAAS Report 
funding proposals. 


nt, FY 2008, a comprehen 
inalysis of the proposals 
for the FY 2008 budget, pre: 
pared by AAAS and a group 
of its affiliated scientific, 
engineering, and higher 
education associations. 


* Have an opportunity to 
meet directly with key 
‘S&T policymakers. 


* Learn how the changes in 
Congress are affecting S&T 
policy issues. 


+ Network with colleagues, For more complete details on 
including top decisionmakers the program, hotel registration 
in science and technology and on-line registration, 
policy flamallzectare please visit the website: 

wwrw.2aas.org/forum. 

* Learn about broader national 
and international develop: 
ments that will affect strate- 
gic planning in universities, 
industries, and government. 


MVAAAS 


www.aaas.org/forum Feces tase heen 


‘Anne Mclaren i atthe 
Wellcome TrusvCancer 
Research UK Gurdon 
Insitute, Cambridge, UK. 


Free-Range Eggs? 


HUMAN EGGS ARE IN SHORT SUPPLY, BUT MUCH IN DEMAND. MANY INFERTILE WOMEN 
if they are to bear children. Researchers need eggs for somaticcell nuclear 
transfer (SCNT) to try to develop stem cell lines. If SCNT-derived stem cells could be made 
from patients suffering f ing conditions such as motor neuron disease, they could 
‘provide unlimited material for molecular and biochemical analyses and clues for future therapy. 
But where can all these eges come from to make the: Is? And what about the reverse 
jon: making human eggs from stem ce! 

‘The United Kingdom allows women undergoing in vitro fertilization wo donate eggs for either 
clinical or research use, in exchange for further treatment, “Alkruistic™ danation is also permitted, 
in spite of possible health risks. with monetary compensation, The United States allows women 
to sell eggs for clinical use as well. Sill, there is much debate about the eth 
‘cow oF rabbit eggs have been used as carriers of human nuc 
because any stem cell lines derived from these would be essentially 
human. But in most countries, these eyioplasmic hybrids ("eybrids") 
are controversial Earlier this month, a UK parliamentary committee 
said that restrictions on cybrids proposed by the Human Fertilization 
y (HEA) would delay important research 
‘on diseases. The HFEA plans to consult the public about such 
research this month and decide on its policy in September. 

As far as making eggs from embryonic stem (ES) cells, we've 
known for more than 
embryo cells (chimeras) produce mice with functional gametes. Why 
then was it such a surprise when in 2003 and 2004, three groups 
reported deriving eggs and sperm from mouse ES cellsin vitro rather 
than from chimeric embryos? Afterall, many other tissues could be derived from ES cells. Once 
the successful isolation of human ES cells had been reported in 199, attention focused on theit 
potential therapeutic value, and mouse modelers began secking ways of inducing ES cells in 
Vitro to make neural tissue, heart muscle, eanilage. and so forth, 

Butit is still not clear whether the reported stem cell-derived gametes are functional. Until this 
is firmly demonstrate they should at best be referred to as “ea “spermlike,” but never 
as"tificial * gametes. What would be needed for “egglike to become “egy” orat 
least “ES cell-derived exe? The cell must undergo normal cel division to produce haploid exes, 
{i must form a normal blastocyst, either parthenogenetically or afier fertilization, It should 
reprogram a somatic cell nucleus wo the same extent aan ovarian egg. And genes that are normally 
imprinted during oogenesis shoukl show an appropriate paticrn of chemical modification, Probably, 
ES cell-derived eggs could be generated from both female and male ES cell lines, but could 
ES cell-derived sperm be made from female ES cell lines? Uliim imal studies will need 
10 show that ES cell-derived eges can give rise to normal fertile progeny, 

All this implies much further research, requiring human and mouse ES cells. Already, 
primordial germ cells have been detected ina human ES cell ine. There will b ethical implications, 
including the wording of the consent document given to embryo donors. But even without 
Feprogram.a somatic cell nucleus the same extent as an ovarian egg. And genes that are normally 
imprinted during oagenesis should show an appropriate pattern of chemical modification. Probably, 
ES cell-derived exes could be generated from both female and male ES cell lines, but could 
ES cell-derived sperm be made from ferme ES cell lines? Ultimately, animal studies will need 
to show that ES cell-derived exes can give rise to normal fertile progeny. 

All this implies much further research, requiring human and mouse ES cells. Already. 
‘primordial germ cells have been detected ina human ES cell ine. There will beethical implications, 
including the wording of the consent document given to embryo donors. But even without 
full validation, human ES cell-derived exes could have many research uses, such as na 
SCNT-derived stem cells, thus reducing the ethically problematic demand for donated 
human eggs for research 

Looking imto the fur derived gametes are conclusively show 
effective in animal reproduction, the first pressure for the clinical use of human 
gametes will be from those wanting donated eggs for in vitro fertilization. If human ES eell lines 
from SCN Terived embryos could by then be made, iretrievably infertile people might be able 
tw have children that are genetically their own without recourse to reproductive cloning, and 
safety will be the major ethical consideration. In the meantime, the long waiting list of women. 
needing donated eges to have babies demands that scientists wanting such eggs for stem cell 
research act with great restraint. 


cs. For research use, 


Anne McLaren 
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LightCycler’ 480 Real-Time PCR 
System and Universal ProbeLibrary 


Let Your Gene Expression Analysis 
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Take Off! 
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480 System and Universal ProbeLibrary to meet als 
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Roche Diagnostics GmbH 
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EDITED BY GILBERT CHIN AND JAKE YESTON 


The toxicity of lead has prompted significant concern over the presence of the heavy metal in various sources of drinking 
water. However, measuring the relatively low concentrations at issue can be an analytical challenge, particularly because of 
the need to avoid contamination of the vessels and apparatus. As a result, there have been conflicting reports of the lead 
concentrations measured in bottled waters, 

Shotyk and Krachler have applied clean-room procedures and high-sensitivity detection technology—developed to 
‘gauge the nanogram-per-liter concentrations of lead present in polar ice—to the measurement of lead levels in a sample 
‘of 125 commercially available bottled waters from across the world. For comparison, they also assayed artesian flow sources 
In southern Ontario, Canada. In all cases, the measured concentrations were several orders of magnitude below the 10 
ugiliter Level considered hazardous. However, glass bottles appeared to leach lead over time, with concentrations roughly 
‘doubling (Irom ~100 to ~200 ngiliter) in water stored in them over a 6-month period. Concentrations measured in plastic 
bottles were generally much lower, and ranged from <1 to 761 ng/liter with a median of 8.5 ngfiter. The artesian sources 
‘exhibited a median lead concentration of 5.1 ngjtiter in a much narrower range. — JSY 

Environ Sci Technol. 1, 10.10211¢s062964h (2007). 


ulled by the transplanted patch of basolateral 
membrane and thus succeed in breaching the 
defenses ofthe epithelium, — SMH 

1. Gell iol. 177, 21 (2007), 


psvchotocy 
Bridging System and Individual 


Equal opportunity isnot, of course, quite the 
same thing as equal outcome, as an examination 
‘of even a small number of individuals will con 
firm, Inequalities abound—whether of wealth, 
educational achievement, or employment his 
tory—and can be the source of emotional dis 
ress, especially among the advantag 
they are perceived as having gained these 
‘unfairly. Wakslak etal. show how adoption of a 
justification for inequality that success isthe 
product of effort and ability) alleviates three 
facets of emotional distress and then asse 


essential ole in keeping t 
inside in, Helping them to achieve this are the 
so-called tight junctions, which link neighboring 
cells and resist any inter 
cellular infiltration of 
macromolecules, Kier 
bel ef a have studied 
‘how the pathogenic bac 
terium Pseudomonas 
‘aeruginosa (a major 
ntributor to nosoco” 


cuemistay 
Pampered by PAAMPSA 


The promise of polymer electronics 
depends in part on the development of 
stable conductive materials that can be 
Jnexpensively processed, One material 
that has been extensively studied is 
polyaniline (PANI), which when doped 

with acids becomes conductive but has tim 


ges 


{oinvade epithelia 
despite having a prefer 
cence for binding tothe 


Bacteria (red) recruit 
which of these mediates enervated support for | basolateral surfaces of pyp3 (green) atthe || ted solubility in common solvents. An alternative 
redistributive social policies, They find that exis: | epithelial cells. Most of apical side of an isto polymerize the aniline onto a polymer acid 

tential guilt and depressed mood (both of which | the invading bacteria epithelia cell layer | template that provides the acid doping, may 

are inwardly directed) were not primary motiva- | wil, in fact, becon- (blue). ‘enhance the PAN! crystallinity, and may also pro 


tions behind attitudes on redistribution but that | fronted by an apical sur vide excess pendant groups to enhance solubility 


{an other-regarding moral outrage was. — GC 
Psychol. Sci. 18, 267 (2007) 


CELL B/OLOGY/MICROBIOLOGY 
Subversions and Transformations 


Epithelial cells are polarized, with their apical 
surface oriented toward the lumen of an organ 
‘and their basolateral side facing the blood. Lay 
ers of epithelial cells play an important and 


warm sciencemag.org 


{ace when they attempt to colonize a new host 
The authors find thatthe bacterium actually 

{induces the remodeling of a small portion of the 
apical membrane into a basolateral-tike protru 
sion, P. aeruginosa binds to epithelial monolayers 
and recruits phosphatidylinastol 3-kinase (PI3K) 
The PIBK generates phosphatidylinositol 34,5 
trisphosphate (PIP3), which attracts actin fila 
ments and the delivery of basolateral membrane 
proteins. The imaging bacteria then become 


Yoo et al, explored the strongly acidic poly(2 
<acrylamido-2-methyl-1-propanesultonic acid) 
(PAAMPSA) as a template material. For the high 
est-molecular-weight PAAMPSA studied, the con 
ductivity was high even though the acid doping 
was found to be incomplete. The best results (11 
‘Sicm) were obtained forthe lowest-molecular 
Weight template. N solid-state nuclear mag: 
netic resonance spectroscopy suagested that the 
Continued on poge 343 
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Simply Hexagonal Stacks 


nated an 
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Backdrop for the Future 


Dipole ordering in a 
shlattice 


<< Sigmoid Overrules Hyperbolic 


Many cellsutface proteins, such as growth factor receptors, are glycosy 
lated on asparagines residues as they transit the biosynthetic pathway. 
ith mote richly branched N-glycans will display more poly W’ 
www.stke.org 2bilatosamine and thus bind more tightly togalestins, which are at 
tice forming cell-surface proteins. interaction with galectin appears to 
receptor endocytosis; the longer residence time supports a greater capacity for signal 
duction via these receptors, The synthesis of glycan branches requires an intermediate produced by 
the enzyme N-acetylglucosaminyltransterase V (Mgat5), whose substrate is UDP-W-acetylolu: 
cosamine (GleNAG), which isa product ofthe hexosamine pathway. 

Lau et al. found that adding GIeNAc to Mgat5*> cells increased the interaction of epidermal 
‘growth factor receptors (EGFRs) and transforming growth factor-f receptors (TGFARS) with galectin, 
Surprisingly, EGFR (with eight N-glycosyation sites) showed a hyberbolic increase in response (phos: 
phorylation ofits downstream ef 


tot ERK). whereas TGFIR (wit only one or two alycosylat 
showed a sigmoid or switchlike increase in response (nuclear transtocation ofits 
Smad) when the Algat5 cells were supplemented with increasing concentrations of GlcNAc. Based 
fn these observations, they built a mathematical model that described the 
face growth-regulating receptor abundance on glycosylation state and on metabolic lux through the 
hexosamine pathway. Receptors that promote proliferation generally have higher numbers of gico: 
splation sites than those that promote growth arrest and differentiation, which keeps the surface 
‘number ofthe latter relatively low until high concentrations of GlcNAc become available. — NRG 

Cell 129, 123 2007). 
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Crying Wolf? 


South Karea’s cloning reputation i still not out 
of the woods: Seout National University (SNU) 
announced on 9 April that it wil im 
paper on wolf cloning following complaints 
that some data are inaccurate, And the joumal 
Cloning and Stem Cells, which published the 
paper in March, took it off the Web on 11 Apri 

Two cloned wolves—the first oftheir kind: 
were introduced to the world on 26 March by 
yearchers at SNU led by Byung-Cheon Lee 
and Nam Sik Shin. Snuwolf and Snuwoltly 
endangered gray wolf females born in October 
2005, were produced by the same team that 
‘ame up with Snuppy, the world’s fist cloned 
dog, using the 

Shortly after the paper appeared, members 
of BRICs, a scientists’ Web forum, claimed that 
Lee manipulated statistics to exagger 
success rate of the cloning and that a t 


a DNA sequen: 
analysis contained 
errors. Lee admit 


ted to miscalcula 
tions ata press 


LA conferenc 
sald they were 
‘unintentional, The 
university has 
submitted for outside analysis blood and cell, 


samples from all parties in the exercise: the 


two wolves, a dog that supplied enucleated 
wolf whose DNA was inser 
Results are expected soon, 


Postdoc See, 
Postdoc Do 


Short of a personal tutor 
who's willing to dev 
‘oF months to your training, a 

Video imight be the best way to learn the 
subtleties of a lab procedure. Ths pair of sites 
can help biologists find or swap video how-to's 

At the Journal of Visualized Experiments,” 
you'll find step-by-step demonstrations of 
‘more than 30 lab techniq 
to isolate blood-forming stem cells or extract 
embryos from a mouse uterus, Launched last 
winter by former postdoc Moshe Pritsker and 
computer scientist Nikita Bernstein, the si 
features videos shot by professionals and 
velted by scientists, 

Fora YouTube-stye site on subjects such as 


reeks 


es, including how 


‘genetics and bioinformatics, goto the new 
LabActiont from grad student Siddharth Singh 
‘of Devi Ahilya University in India. Although it 


| RAIN 


M4 
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Modeling 


Mecca’s Crowds 
a ea ue 


THE ANNUAL PILGRIMAGE, or haj, to Mecca in Saudi Arabia offers one of the world’s greatest 
challenges in crond control. The millions in attendance create a volatile environment in which 
pilgrims have been trampled to death performing a ceremony on the Jamarat Bridge in Mina, 
where they hurl stones at pillars representing the devil. In January 2006, more than 360 people 
were killed in a stampede near the bridge. Haj officials have since instituted new safety rules and 
enlarged the bridge; they have also sought advice from experts in traffic and crowd flow. 

One of these experts is Dirk Helbing, a physicist at the Technical University of Dresden in 

crmany, who was asked to suggest safe routes for crowd movements Last week, he reported on 

this work ata physics conference at the University of Leicester, U.K, He and co-workers analyzed 
Videotapes of the 2006 disaster, observing how thick crowds of people, like high-density flows of 
flulds, can turn “turbulent,” causing groups to move erratically. When this happens, people fal 
and get trampled. Helbing described how it is possible to identify changes in crowd behavior in 
advance of the turbulence and thus pinpoint danger spots. 

The changes have apparently been effective: AL the latest ha, from 29 December to 1 January, 
there were no major incidents. 


hhas only a handful of clips so far, it aims to be 
fun as well as educational, with a categ 


But it turns out many people have the 
Hirudo, Mark Siddall, a systematist at 
ie American Museum of Natural History in 
jove New York City, and colleagues compared ONA 
m from various leeches. Commercially available 
creatures are actually H. verbana, they 
reported online 10 Apri in the Proceedings 
(of the Royal Society B. Siddall explains that in 
1¢ 18005, taxonomists discerned no internal 
differences and lumped the two 
species as H. medicinali 
Bul, he says, from the genetic 
evidence “it’s unfathomable 
that they are the same 
species by any measure. 
Brite Latile, of the 
French leech supplier 
Ricarimpex, says both work the 
same magic and “I see no prob 
em” in asking FDA to add H. verbana 
to its approved leech fist. 


set 


aside for amusing takes on cam) th 


Mistaken Identity 

Uni the mid-1800, leeches were applied to 
Aiea alment 

stomach pain, obesity, fever, and 
even mental illness, after which their 


ubted 
Hinido 


efficacy was serioust 
Today, one spet 


medicinalis, U.S, Food and Drug 
‘Administration (FDA) 
that is widely used to help reattached 
scalps and fingers as they grow new 
blood vessels. Demand for the species i 

eal, and so is the loss ofits wetlands habitat 
in Europe. Most now come from leech “farms. 
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IN THE NEWS 

HECK OF A FIELD TRIP. A Frene 
returned to Paris on 13 April after having 
been held in tran for more than 2 month: 


allegedly entering a forbidde 
Stéphane Dudoignon, an expert on Central 
Asia and Istam at the National Center for 
Scient 
30 January after taking 


Research in Paris, was arre 


‘gious procession in Si 
a province bordering 
Pakistan that's hor 

§ minority and ha: 


toa sizable Sunni 
th 


of recent 


Dudoignon shortly after hi 
arrest and was not charged, but Iranian 
authorities held his passport. He ti 
his Iranian wife's family in Tehran until the 
government sent him home 

Dudoignon s 


Le Figaro a week before his return that 


id in an inte 


his research on Iran's Sunni c 


munity 
may be over. "The next time you want to 
come to tran,” he said an 
told him, “ity 


and nothing else 


POLITICS 

BANISHING THE COLLEGE. Computer 
scientist John Koza of Stanford University i 
Palo Alto, Cal n 


; 


nia, a pioneer ti 


& programming,” made his mi wid 
e ting ry 
2 k, Maryland became 

8 cot his page? E-mail p 


WSMAKER 


EDITED BY YUDHIJIT BHATTACHARJEE 


CRIME BUSTERS. Last spring, computer sei 


On Campus Michel Black, 


Jents in his computer vision class at Brown University a 


ccthe Loundergraduate 


on: an unsolved murder, Their research helped 
pect.andon 19 April, Black and hisclass received 
jon from the Henrico County, Vinginia, police. Although the 


culprit is sil at large, Blox 
rime from blurry and dist 


% class extracted usefid information about the 
fed Video taken by 
T've never had a class this motivated” says Black, who leamed about 
Henrico police had contacted for help. The 


class used a variety of met lean up the video, which shows the vie 


tim getting into the suspect’ car ouside a convenience store, Black says the 


sudents developed algorithms “that went beyond the current state of the 


rt" for determining the real-life dimensions of objects in the scene. Their 


suggested that the car was a Toyota Camry, vintage 1992 10 1994, 


‘We have a suspect now.” says Investigator Andrew Stromberg of the 


Henrico County police. “He's wanted for another crime, and we're trying 


10 catch him and ask him where he was that night. 


stat the fourth presidential candidate to win the 
tid popular vote but lose the election 

riding the electoral In 2004, Kaza—who views the current 

college that ¢ ystem as unfair—teamed up with the non 


to lobby state legislatures to 
lectoral votes to the national 


ough states 


feet only 


which point the electoral college 


me meaningless. Last week 


aggregates th governor signed a law adopting 
ased “electoral vot 1 proposal, which is under consideration in 
to the candidat 40 other states. Koza is optimistic that the 
ect_| movement will now take off: “The biggest 
have t ingle question we've gotten has been who 
inthe nation. I AN Gore bec e has done this 


Movers >> 


EASTWARD BOUND. In its bid to become a major research hub, 
Singapore has nabbed yet another high-profile Western scientist 
Earlier this m dish biochemist Bertil Andersson gave u 
the post of chief executive of the European Science Foundation 
(ESF) to become provost at Nanyang Technological University 
Andersson, 58, who has served as rector of Linkoping University in 
Sweden and as chair of the Nobel Committee for Chemistry, says he 
wanted to “be part of the scientific explosion happening in Asia. 
He found Nanyang, which has 25,000 students and one of thi 
largest engineering schools in the world, appealing because of its 
{growing investment in facilities and Singapore’ rising R&D budget. 

{As provost, a new position one rung beneath the president, 
‘Andersson will be n charge of all academic programs. “But my main mission is to build up top: 
ch efforts,” he says. Andersson's successor at ESF is John Marks, who has served as 
ESF's director of science and strategy since 2004, 
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PLANT SCIENCE 


Long-Sought Plant Flowering 
Signal Unmasked, Again 


As elusive as the top quark, the signal tha 


tells plants to flower has befuddled plan 


biologists for more than s century with 
many false leads to its identity, Two year 
ago, researchers created quite a stir with 


«d from the 


data indicating that this si 
yer RNA (mRNA) that trave 


so-called flowering I 


plant leaves to the growth tip where flower 
ing takes place. But those authors are now 
retracting that finding (p. 367). Instead, t 

new reports, published online by Sefen 

this week (Www.sciencemag.org/cgi 
content/abstract/ 1141752 and www 
sciencemag,org/egi/content/abstract 
1141753), have fingered the FT protean itself 


This is something we have been waitin 
ton, L.A. D, Zeevaart, an 
emeritu ist at Michigan 
State University in East Lansing 
two papers will be classics in the field for 

dds Philip Wig, 
biologist at the John Innes Centre in Nor 


These 


wich, U.K, Others, however, think the evi 
They haven't 
says William 


dence is not yet conclusive 


taken the story any further 
Lucas, 
sity of California, Davi 

This story h ina 1930s study 
by Russian p! ist Mikhail 
Chailakhyan. Based on grafting experi 
ments, Chailakhyan propose 


that when 


nse the appropriate day length. they 


send a mobile signal called florigen to the 
> to initiate flowering. But 

and “fori 
any. fakin to] 
went extraterrestrial life 


promising leads led to dead end 
gen [became] the pariah of b 
Bi 
says Brian Ayre, a plant bi 
versity of North Texas in Denton. 
In thy 
with m 


and visualizing proteins in live 
revived the quest. They pinned down the 
FT gene, the leaf pro 


in that turns FT 
tthe FT protein con 
trols. Then, in 2005, Tao Huang. a 
the Swedish University of Agricu 


Peripatetic protein, in Arabidopsis (top), 2 


Umea, and his colleagues pro 
mRNA wa 
they saw mRNA from FT 


They concluded that FT m 
duced in the leaf and trav 


ip. where it w. 


e FT pr 


tein, which then kicked off flowering 
(Science. 9 September 2005, p. 1694). Thi 
report seemed “an enormously excitin 
breakth is Colin Turnbull, a plan 


College in Wye, UK. 


athe 18 April 2006 


ademy of 
Sciences, Eliezer Lifschitz of Technion 
Israel Institute of Technology in Haifa 
n of mRNA from the 


ne in the lowering shoots 


of tomatoes. And in their retraction notice 
Hy 


collaborators report that their initial 


ysis excluded some data and pave extra 
weight to other data, When they redid the 
experiments, “we could not detect move 
ment of the transgenic FT mRNA. 
Ove Nillson, in whose lab Huan; 


Xiamen University 


work, Huang, now at 


in China, has not agreed to the retraction, 
Turnbull 
Max Planck In: 


Research in Cole 
trahidopsis 


¢ Coupland of the 
tute for Plant Breeding 


ne, Germany, working 


with nd another team studying 


rice, have now proposed that the mobile sig 
nal isthe FT protein itself rather than mRNA, 
1 equivalent of the FT 

called [d3a, Ko Shimamoto of the Nara 


Institut 


of Science and Technology in 
tuident Shojiro Tamaki, and theit 
first measured Hd3a mRNA in 
The 
rown with short days (rive requires short 
the mRNA 
increased in leaves but was present only in 
pwing tip. Next, they made a 


hoot apical meri 
rransgenie rice strain by joining the gene for 
reen fluorescent protein (GEP) with that 
for Ih Hd3 


Which made any protein 


focal I 


microscope. They saw the protein in the vas 
‘cular tissue of the leaf andl the upper stem as, 
well of the 

They then attached promoters to the 


sombination GFP/Hd 


sin the cd owing tip, 


the genes to turn on in the leaf but not in the 
growing tip. Flowering 
The only way [FT] could get there 
was ifit moved.” explains Zeevaart 
Like Shimamoto, Coupland and Turnbull 
cused on the FT protein and used GFP 
track . this time in Arabidopsis 


Laurent Cortesier 


till occurred, they 


postdoc in Coupland’s 


lab, added the fused FT/GEP gene to a 
mutant Arabidopsis strain that lacked the 
FT gene. They observed the protein first in 
the vascular tissue of the stem, and 4 days 


later, atthe base 0 ps 


the growl 


In another experiment, the team grafted 


plants « 


the fused gene to mutant» & 


plants that could not make FT at all, The 
PT/GEP protein, but no mRNA, moved 
ft junction and through the 
mutant plant, they report 


across the 


Finally, when they attached two GFP genes 
to the FT gene, the resulting protein was 
too big to travel beyond the leaf—and in 
those plants, no flowers formed. Thus. the 


researchers could rule outboth RNA and the 
existence of a signal activated by FT. 
“The evidence is convincing, especially 


OL RESOURCES 


And, 

1g the case, several other 
researchers are preparing to publish 
similar results, 

But not 
the evidence in both reports “circumstan- 
tial.” He, Nilsson, and Miguel Bhizquez of 
the Polytechnic University of Valencia, 
Spain, point out that neither group tested 
whether GFP moves through the plant on its 
‘own accord, And Lucas doesn’t think the 


says Ayre. 


weryone agrees. Lifschitz calls 


64 


authors adequately demonstrated that FT 
4s into the growing tip from the leaf, For 
example, in Anabidopsis, one leaf promoter 
used turns on genes elsewhere in the plant, 
so it could have turned on FT outside the 
leaf, Lucas points out. Even Ayre is still 
cautious. “Florigen has a long history of 
disappointin We're et- 
ting there, but the race is intense. 


and we 
nced 10 keep cool heads: 
ELIZABETH PENIS! 


The Looming Oil Crisis Could Arrive Uncomfortably Soon 


The world’s production of oil will peak 
everyone agrees. Sometime in the coming, 
the amazing machinery of oil pro- 
at doubled world oil output every 


decad 
duction 


decade for a century will sputter, Ourput 
will stop rising, even as demand continues 
to grow. The question is when, 


Forecasts of pea 
ranged from Thankssivi 
somewhere beyond 2050, But at the annual 
meeting of the American Association of 
Potrole ists (AAPG) in Long 
Beach, California, early this month, the lat 
est answer emerged: World oil production 


oil production have 
ckendl 2005 t0 


n Geo 


could stop growing as early as 2020—too 
soon to avoid a erisis—or it could bold off 
uuntil 2040. “The peak in world oil produc 


imminent,” oil information 
lyst Richard Nehring of Nehrin 
in Colorado Spring 


tion is n nt 


Associates 
Colorado, said at the 
meeting, but itis “nevertheless foreseeable 
Predictions of the timing of peak oil have 
‘een all over the map (Seience, 18 November 
2005. . 1106). So-called peakists favor yaug- 
future production by judging how much 
oil Earth still holdsand how much hasalready 
been produced. They come up with a peak 
the next few years, certainly before 2020, At 


the other extreme, major oi companies draw 
house expertise about how much oil 
remains and how fast it will be produced. 
They seeno end to rising production as far out 
asthey look, usually not heyond 2030, 
Nehring took a different tack, in two 
ways. First, he conducted an informal survey 
of experts by onganizit a presti- 
gious Hedberg Conference, under the aus- 
pices of AAPG last November and invitin 


rq SCIENCE 


75 experts from 19 countries to consider the 


world’s oil resources. There he pressed them, 


for their best estimates of everything from 


how much oil might be left to discover to how 
‘much might be wrung from existing oil fields 


and how much might come 


tional sources such as Canadian tar sands, 
From the meeting’s discussions, Nehring 


came up with low, medium, and high esti 


‘mates ofall the oil likely ever to be produced. 
the ultimate 


But as he said at the mee 


resource Is not the only const 


Three Oil Peak Sc 


‘Anoual Olt Production (bitions of barrels) 
sine gs 


aaes2eI@ 2020 2000 20002050 


Sooner or later. The ess ol left to be pumped from the ground, the 
cartier world production reaches a peak. in a new analysis, only the 


earliest low esource peak looks reliable 


and social unrest can limit how fast those 
resources can be exploited. as is happeni 
today in Venezuela, Iraq. and Nigeria, And. 
technological challenges, as in the still- 
icebound Arctic, can slow extraction as well 

So for his second innovation, Nehri 


OL 


ereated three scenarios with successively 
higher peaks beginning in 2020, 2030, and 
2040, He then comp: 

effort it would take t 


‘ed the amount of 
achieve each scenario 


with the world oil industry's past perform- 
The only scenario we're quite sure of 
2020 peak, he 


ticipants were conti 


is the low one” producing 
says. Conference 
dent that at least the low estimate of ultimate 


oil resource is actually out there, he says, 
And the world oil industry has managed to 
add the needed production capacity as Fast 
sit 2020 peak would require, 

Holding the peak off until 
2040, however, would require 
both a high—and much less 
certain—total oil resource 
and adding more production 
n ever before 
2 already pro- 
duced the world’s most easily 
extractable oil. "We can’t 
behave now like we're goin; 


each year th 
despite havi 


to have the high scenario. 
Nehrin 

Nehring is 
attention but not many con: 
verts. “Richard did a good 
service in holding this Hedber, 


etling some 


3080 


Conference.” says oil assess- 
‘ment specialist Donald Gautier 
of the US, Geological Survey 

in Menlo Park, California, But there’sso much 

uncertainty, Gautier says, from when Arctic 
ice might melt out of the way to when needed 
new technology can be developed, that pre- 

dicting the peak may not be worthwhile. A 


decade ors could tell, RICHARD A. KERR 
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Science is organized 
knowledge. Wisdom is 
organized life. 


Immanuel Kant 
Philosopher (1724-1804) 


Our core strengths include not only technologies that support superior products and services, but also the spark of ideas that 
lights the way to a brighter future. Shimadzu believes in the value of science to transform society for the better. For more than a 
century, we have led the way in the development of cutting-edge technology to help measure, analyze, diagnose and solve 
problems, The solutions we develop find applications in areas ranging from life sciences and medicine to flat-panel displays. 
We have learned much in the past hundred years. Expect a lot more. 


www.shimadzu.com @® SHIMADZU 
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Astrocytes Secrete Substance That 
Kills Motor Neurons in ALS 


Astrocytes among thi 


‘or “support 
cells in the central nervous system—may be 
the primary culprit in the death of motor 
neurons in at least some cases of amy- 
‘otrophic lateral sclerosis (ALS), researchers 
at Harvard and Columbia universities, 
report, The new find 
power of research with embryonic stem 


underscore the 


(ES) cells to elucidate basic disease 
processes, the researchers say. 

ALS is an untreatable disease that pro- 
gressively kills motor neurons, For years, 
scientists have debated whether the 


neurons themselves are defective, or 
whether some external factor kills them. 
TWo papers, published online on LS Apeil in 


Nature Newrascience, present new evidence 


Bad neighborhood. Astrocytes (red) threaten m 
(green) in culture with mutant S002 gene 


that in some ALS sufferers 
mutant gene for superoxide dismutase 
(SODI) 
selectively kills motorneurons. ALS researcher 
Jeflrey Rothstein of Johns Hopkins Univer- 
sity in Baltimore, Maryland, says the papers 

dd weight toa r body of data that 
has suggested that astrocytes contribute to 
ALS.” Roughly 10% of ALS cases are 
familial, with the rest being labeled “spo- 
radic.” SOD. the only gene th: 
been linked to the disi 
about 25% of familial eases 

In the latest work. a Harvard group led 
by Kevin Eggan generated ES cells from the 
blastocysts of mice bred to express the nor 
mal human SOD/ gene and from mice with 
the mutant SODI gene. The scientists then 


those with a 


the astrocytes emit a toxin that 


ase, is mutated in 


coaxed the ES cells to become motor neu- 
rons and did so and match 
cultivating: 


he motor neurons and astrocytes, 
with and without the mutation, They found 
that even normal neurons did badly in the 
presence of astrocytes with the SODI muta- 
tion, showing a 30% decrease over 14 days. 
ns, they found that 


were much less severe 

Eggan says the work 
this song we've been sinj 
make ES cell lines carrying the genes, you 


really validates 
ing: Ifyou can 
hist 


He plans to do the work with 


cated Way 
human ES cell populations containing the 
DNA from ALS patients. 

The Columbia team, headed 
by biologist Serge Preedborski 
took the 
by demonst 


ndings a step further 


are solely responsible for this 
particular toxin, and that they 
only target motor neurons, They 
found that growing motor neu- 
ons in a culture in which ast 
cytes had been grown produced 
the sume deadly results as expos 
s them to astrocytes directly 
Przedborski says that points to a 
toxic substance emitted by the 
glial cells, The team ruled out 
both SODI and glutamate—a 
major troublemaker in brain dis 
ease also implicated in ALS—as 
the toxic substance. 


Steve 
at the University of Rochester Medical Cen- 
terin New York, siys the research provides a 
for this p 
re potentially quite 
papers for introducing new avenues 


Goldman, a stem cell researcher 


very valuable mode 
type of ALS. “These 
exeiti 


says Goldman, He says identi 
sed by astro- 
“whether this 
type of mechanism is limited to the SOD1 
model.” may help unlock the mysteries of 
sporadic types of ALS as well 

The Columbia group plans to define the 
basic characteristics of the poison and then 
use that knowledge to sereen for new dru 
“For a disease in need of drugs like few 
others, that would be great." says Egan 
CONSTANCE HOLDEN 


for research, 
fying the 


eytes, and ul 
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Texan Mishap Not Reported 


Texas A&M University (TAMU) in Callege tation 
has admitted to running afoul of federal bio: 
terror rules after an employee last year con 
tracted brucellosis, an animal disease that's 
high on the list of potential bioterror weapons. 
Ina statement to the Centers for Disease Con 
trol and Prevention (CDQ in Atlanta, Georgia, 
made last week, the university acknowledged 
at it should have notified CDC a year ago 
about the incident, which came to light through 
2 freedom of information request from the 
Sunshine Project, a watchdog group in Austin, 
Texas. A CDC investigation begun this week 
could result in fines and loss of federal funding, 
The researcher was diagnosed with brucel: 
losis in April 2006 after cleaning an aerosot 
chamber containing Brucella bacteria in a 
biosafety level 3 lab in February. TAMU says 
researcher recovered alter treatment with 
antibiotics, There are a few hundred U.S. cases 


of brucellosis each year, but human-to-human 

transmission of the pathogen is extremely 

rate, Sunshine Project Director Edward 

Hammond says the govern 

devise a system to actively track such accidents 
MARTIN ENSERINK 


NIMR Eyes a Bigger Site 


LONDON—The upcoming availability of a 
1-hectare site in central London could end the 
controversy over government plans to relocate 
the National Institute of Medical Research 
(IMR) from ts famous suburban campus in the 
Mill Hil area to a 0.4-Nectare site in downtown 
London. Critics had complained that the 
planned site was so small it would limit NIMR's 
science (Science, 4 February 2005, p. 652). In a 
ner earlier this month to NIMR staf, Colin 
Blakemore, director of the Medical Research 
Council MRO, said the agency was now consid 
ering with “enthusiasm” a larger ste next tothe 
British Public Library that anather government 
agency plans to sel. t's also near research hos: 
pitalsfuiling MRC's desire for arevamped 
[NIM to focus on translational research. 
NMR’ Robin Lovell-Badge,a critic ofthe 
planned move, agrees that the location near the: 
Tibrary is more promising but warns that ts cost 
could stil end up shrinking NIMR. “The devils 
inthe details,” he says, Blakemore says that the 
new site has clear advantages, although he 
stresses that the original one, which used to 
ational Temperance Hospital, i stil 
acceptable. Blakemore says MRC's chances of 
getting the new site are unclear and so are its 
ost, but he hopes to have NIMR's future 
resolved before he steps dawn as MRC director 
in September. “JOHN TRAVIS 


nl needs to 


house t 
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Colliding Clouds May Hone Physical Constants 


A new spin on the atomic clock could yield 
some of the most precise measurements 
date of fundamental physical constants 
potentially providin 

fa number of 
thing,” Four physicists at Pennsylvania 
University (Penn State) in State College 
have built the prototype ofa “quantum seat 


crucial experime 


tests of cories of every 


able of 


tering interferometer”—a device © 
registering differences in the 
pr 
tivity, The experiment, described this week 


in Nature 


erties of atoms with unheard-of sensi 
could lead to more-accurate 
atomic clocks and help physicists study 
exotic states of matter such as Bose 
Einstein condensates and degenerate Fern 


ases, says Randall Hulet of Rice University 


in Houston, Texas. “It'sa new high-precision 
tool for measurit 


the effects of [atomic 
Interactions 

The researchers start by cooling two 
clouds of cesium atoms to fractions of a 
microdegree above absolute zero, One 
cloud is then put into its lowest-energy 
state (called the ground state) and sent 
thre 


excite the atoms into a bizarre state called 


its spin pointed both upward and down: 


PSYCHOPHARMACOLOGY 


bors slightly more energy than the other 


does, (In atomic clocks, th 


frequency of 


tted when cesium 


hese two “hyperfine” states pro- 


vides the standard for determi 
length of a second.) 

In the Penn 
researchers bring the two 


As the 


joms collide, the 


ently, causing them to interfere with each 


other in a way th phase 


of atomic colisions and physical consta 


Study Questions Antidepressant Risks 


An analysis of 27 clinical trials of antidepres 


saints in youngsters has found a negligible risk 


of suicidal thoughts and suicide attempts, with 
the treated groups showing 0.7% greater risk 
than participants given a placebo. The st 
‘comes more than 2 yearsfter regula 


cies worldwide warmed doctors to take great 


ality 


‘whether the risks have been exaggerated. 
The authors of the new study, publish 
this week in the Journal of the 
Medical Association (JAMA), undertoc 
their analysis after the U.S. Food and Drug 
Administration (FDA) slapped a “black 
box” warning on most antidepressant drugs 
in late 2004, But 
account of the medications’ benefits, 


t warning didn’t take 


Jeffrey Bridge, an epidemiologist who stud- 


ies teen suicide at Columbus Children’s 


Rese With David 
Brent of Western Psychiatric Institute and 
Clinic in Pittsburgh, Pennsylvania, and their 


rch Institute in Ohi 


FDA’ approach while incorpor 


new dai 
As FDA did, the AMA 


rials of depressic 


and reported benefits of the dru 


disorder, and other anxiety disorders, bring- 
ing together 5310 subjects. Disorder 
specific analyses did not yield statistically 


significant results, but when all dat 
hors found th: 


nificant increased risk of suicidal thinking 
and behavior of 0.7%. This wa 
FDA-cited 2% risk. The autho 
that, in general, teenagers were helped by 

the dru sd chil- 
3s has been previously reported, were 
-d only by Prozac. “Whi 


less than the 


shows is 
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shift between the two states, The collided 
atoms are sent through a microwave cham- 
ber a second time and then are sorted using 
laser pulses that tally the phase shifis. The 
results provide a detailed portrait of the col: 
lision (see fi If you really want to 
understand atom-atom interactions very 
precisely this isthe method” says Kurt Gibble 


of the Penn State team, 

In the future, the scientists hope to fur 
ther Fine-tune the experiment by using 
magnetic fields to coay the atoms into 
short-lived connections called Feshbach 
resonances, which resemble molecular 
bonds, Because the atoms interact over 
longer periods, researchers will be able to 


nances should enable physicists to apply 


atomic-clock accuracy both to studies of 
the collisions and to measurements of fun 
damental physical constants—such as the 
ratio of the mass of the electron to the mass 


of the proton, Some versions of string the- 


rand unification theories 


predict that such constants wil vary slowly 


ory and other g 


over time, If so, Gibble says, an ultrasensi 


ing interferometer would be able to meas 
ure the variations over the span of years, 


“MARK ANDERSON 
hampton, Massachusets 


Mari Angervn isa writer aN 


the overall bad effect is very small. and 
overall good effect is much bigger. 
Charles Nemeroff, chair of the department 
of psychiatry and behavioral sciences at 
Emory University in Atlanta, Georgia, 
Like nearly all so-called meta-analyses, 
JAMA. study 
ree, The trials it examined 


the has its drawbacks 


‘were not designed to assess suicidal behavior 
and excluded individuals who were suicidal, 

Although these drugs may pose a risk to 
some, says Kelly Posner, a child psychiatry 


researcher at Columbia University who 


assisted FDA in its safety analysis, we already 
know that “untreated depression is what kills 
people.” Posner and others are convinced 
youth suicide data now emergin; 
14% increase inthe United States in 2004 and 
ring 49 

show what 
use declines, 


increase in the Nether 
appens when antidepres 
JENNIFER COUZIN 


lands 
sant dn 


‘Avar'stoll. The 
release of study data 9 
hasn't calmed a debate 
‘over the number of 


EPIDEMIOLOGY 


Iraq Mortality Study Authors 
Release Data, but Only to Some 


The authorsof'a controversial study on contlct- 
related deaths in fraq are seeki 
criticism by releasing their raw data, But the 


0 diffuse 


move has hardly settled the debate, Crities say 
the authors have withheld key details needed to 
ccheck the study. And some are outraged by the 
conditions set for who can have the data, 
including the requestor’ “objectivity 

The paper, published in The Lancet la 
October by a US. and Iragi team, estimated 
that 655,000 more people have died than nor- 
mally would have since the March 2003 US. 
invasion—more than 10 times any official 
‘estimate, The authors got this result by extra 
lating from mortality data collected through, 
door-to-door surveys, Other academies have 


{questioned aspects of the study, from whether 
the interviews could have been done as quickly 
med, to whether the results were inflated 
by surveyin 


streets vulnerable to bombs and shootings 
(Science, 20 October 2006, p. 396) 

Lead author Gilbert Burnham's team at 
Johns Hopkins University in Baltimore 
Maryland, had resisted calls to release the raw 
data, citing possible danger to the Iraqi inter 
viewers and the survey participants. Earlier 


this month, however, Burnham and his team 
posted st note on their Web site saying they 
would release a data set stripped of inform 
tion that mi 


only 10 
ust 


ht reveal identities —but 


qualified scientific groups. Such groups n 
have expertise in biostatistics and epidemiol- 
ogy, the note says, and must also be “without 


publicly stated views thi 
about their objectivity in 
The Hopkins team says several 
received the data. 

But at least one researcher has been turmext 
down: Michael Spagat, an economist and 
expert on conflict studies at Royal Hollowa 

am, who fh 


roups have 


University of London, in E 


Burnham, e-mailing fro 


1 Jordan, declined 10 
explain which criteria Spagat did not meet 
co-author Les Roberts, now at Columbia 
University, says he wasn’t involved in the 
meet the 


decision but that Spagat “would 1 


criteria by rultiple measures” 

Spagat calls the p ‘deeply flawed, 
addin, dumb or non 
objective with the data, qualified people 
should be able to expose our stupidity.” The 
decision also puzzles David Kane, a fellow 
the Harvard Institute 


icy 
If we do somethin 


Social Science who has received the data set 
‘even though he says he posted comments on 
aa Web log last fall the 
of fraud, Denying some critics access “is 
ridiculous.” Kane adds, 

One epidemiologist apart from the fray 
agrees that the conditions are unusual: 


raised the possibility 


Lam 
wary of trying to limit access based on the 
predilecti 
David Savitz of Mount Sinai School of 
Medicine in New York City. But Allen 
Wilcox, editor-in-chief of Epidemi 
defends the conditions set by the Hopkins 
foup: “I can hardly blame {them} for bein, 
‘cautious in this case,” says Wileox 


ns of thase request 


the topic ts so po 
Others 
n to withhold informati 
nplin 
‘col has made it impossible to detect street 


re cone he group's 


main street names and the sa 


proto. 


bias or other potential problems. More 
details on the interviews “are necessary if 
S are to lay 10 rest intimations of 
says Madelyn Hicks. a 
rist and public health researcher at 
College London. Burnham says his 
n{s] no additional release 


“JOCELYN KAISER 


psychi 
Kin: 

group 
of materia 
With report 


ng by Joha Bohannon, 
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Human—Not Martian— 
Error Cited 


Mars Global Surveyor (MGS) went silent 
last November after orbiting the planet for 
10 years, nt from old age but because of a soft 
are error, A NASA investigative board report 
has concluded that the mission operations 
team sent a software update months before to 
the wrong part of the space 
memory, wreaking havoc on the spacecraft 
after Surveyor received a routine command. 
An antiquated onboard fault-protection 3 
m subsequently misinterpreted the situa 
tion, and within 2 hours Surveyor had died of 
ficient battery recharging, 

Like other NASA missions extended far 
MGs 


alts computer 


beyond their promised design tifetin 
had suffered reductions in its operatic 
budget and staffing, “We didn't find that any 
tly caused the anomaly,” sald 

ard chair Dolly Perkins of Goddard Space 

Flight Center in Greenbelt, Maryland, But she 
it’s beneficial to step back and see what 


risks from aging and changes in operations 


on is being 
applied to all Mars missions as well as ones tak 
ing the better part of a decade to reach target 

such as Meycuty and Pluto, “RICHARD A. KERR. 


ight be developing, That 


Sensor Move Deemed Sensible 
[NASA and the National Oceanic and Atmo: 
pheric Administration last week restored a 


environmental sensor toa long awaited satellite 
1 mission due to be launched in 


demonst 
2009. Bu re giving the move only 
re thumb up: The agencies haven't decided 
whether to restore the sensor, called the Ozone 
Mapping and Profiler Suite Limb (OMPS-Limb), 
tosix planned satellites that make up the 
bled National Polar-Orbiting Operational Env: 
‘onrmental Satellite System (NPOESS), 

OMPS-Limb, which wil provide ozone 
distribution data for environmental and 
tudies, was knocked off the NPOESS 
ddemo and the main satellites to save money 
(Science, 16 June 2006, p. 1580). But in a 
‘March letter o the White House, House Science 
and Technology Committee leadership pointed 
hat the sensor for the demo had already 
been built and that it wouldn't cost any more 
tofly itn the demo, 

Remote-sensing expert Berrien Moore of 
the University of New Hampshire, Durham, 
applauded the restoration of OMPS-Limb but 
also wants it on the NPOESS flights “as an 
operational sensor.” A House Science commit: 
tee staffer says members will continue their 
push to make that happen. 
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Biomedical facilities are expanding after a growth spurt in the NIH budget. 
Yet individual scientists say that it's harder than before to get their work funded 


KURT SVOBODA KNEW FROM DAY ONE 


s.The National Institute of Allergy and Infectious 


one of the largest of 
and centers, The per 
arch proposals funded by 
has dropped from 32% in 2001 to a 


hours, sweating over the data, and starvin 
his personal life for profess 
What the young assistant professor ai 
Louisiana State Uni (LSU) in Baton 
Rouge didn’t realize was that time spent on 


age of re 


nely cut by 10% of more 
rant proposals, 


nundbreaking exper- Dozens of investigators interviewed by 
Science, along with six NIH institute direc 


s and agency head Elias Zerhouni 


iments, would be the big stressor 
s 


wants to study how nicotine affects brain describe a climate in which & 
development in zebrafish, as am ‘al young scientists struggle to 
exposure in women who smoke during pre launch theircareersand even 
nancy. Last summer, his tenure re Grecatbsigtined FP he most seniorare trimming § 


little more than a year away, but beh mi 


lack of trying. Si Prize winner who led NIH 3 
2006: 8% 


from 1993 to 1999 and is 


their research pt 


ing his job at LSU in 
been on a continuous hunt for mone 
times submit 
applications, alo 
Last summer, he was down to his third and 
final chance for approval of a revised ROL 
the National Institutes of Health’ (NIH’s) heady 5 years 
bread-and-butter grant. Wil 


now head of the Memorial 
Sloan-Kettering Cancer 
Center in New York City, & 
has had his grant cut, although he won't 


et totaling $29.2 billi 
s hardly a pauper, What 
ght biomedical research to this place 
nancial anxiety? The doubling flooded 
NIH wich billions more dallars over are 


suspected he would lose his je 
He and his two graduat 
worked 12-hour days cranking 
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Rising expectations. Like many, the University of 
‘Wisconsin, Madison, is investing in the biosciences. 


tively brief time, Whereas.a private corpora~ 
tion might conserve some of this windfall, 
by law NIH must spend nearly all the money 
it receives the year it reveives it. That pro- 
voked a massive expansion in biomedical 
research, and expectations of federal sup- 
port surged to a level that could not be sus 
tained when the budget stopped growing, 
‘The erash is hitting labs, careers, and the 
psyches of scientists with a vengeanes 


The big bubble 
Nine years ago, Congress set out to double 
the NIH budget and within S years sent it 
soaring from $13.7 billion to $27.1 billion. 
But everyone knew the goklen days would 
not last. In October 2000, eight senior sei- 
entists and policymakers began meeting 
informally to discuss how to maintain the 
momentum, In 2002, the group published a 
‘commentary in Seienee presenting different 
budget models and their impacts on 
research priorities (Science, 24 May 2002, 
p. 1401). Its most pessimistic predi 
modeled annual increases of 4%. 
David Korn, a former Stanford University 
dean now at the Association of American 
Medical Colleges (AAMC) in Washington, 
D.C., who helped bring the group together: 
‘We didn’t model increases below 4 
‘year because the tradeoffs and the sacrifices 
that would have been caused ... were too 
difficult for us to deal with in the model.” 
ALNIH, senior officials found that “no 
matter what, there will be pain after the 
doubling,” says Zerhouni, who became 
NIH director in 2002. To sotien the blow, in 
2002 and 2003, NIH tried to accelerate the 
-¢ of one-time expenditures such as con 
struction, 1 free up money for the follow= 
ing years, But even “in the worst scenarios, 
people really didn’t think that the NIH 
i budget would go below inflation.” says 
Zethouni, an outcome he attributes to the 
i O/L1 attacks, the wars in Afghanistan and 
8 
i 


Iraq. and Hurricane Katrina. 
Meanwhile, research institutions every- 
where were breaking ground on new facilities 
‘and expanding their faculty. Ina 2002 survey. 
‘AAMC found that new construction at med- 

J ital schools had exploded: From 1990 to 
i 1997, schools invested $2.2 billion in new 


construction, compared to $3.9 billion from 
1998 to 2002, But that paled in comparison 
to what was to come: an expected $7.4 bil 
2 ion in new constuction feom 2002 t0 2007. 
¥ AAMC has not yet confirmed whether these 
plans were carried out. 
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Schools hired new faculty members to 
fill the buildings. expecting to recoup their 
investments from the NIH grants investiga- 
tors would hau! in. “Universities and their 
leadership did what I would have done too.” 
says Zethouni, “The government is indicat- 
ing support for these activities.” and the 
expansion was “exactly what 
Congress intended.” 

This appears to have 
helped drive more applicants 
to NIH. In 1998, fewer than 
20,000 scientists sought 
research grants from the 
agency: in 2006, that number 
was more than 33.000, and 
according to NIH forecasts. 
the number of applicants is expected to top 
35,000 in 2007. The number of applications 
has grown at an even faster clip, as scien- 
tists, concerned about their chance of get- 
ting funded, are submitting proposals more 
frequently. Because growth at medical 
schools lagged somewhat behind the dou- 
bling. many institutions ae still expanding. 
At Sloan-Kettering, for example, officials 
only recently began filling a new building 
with scientists. They expect to increase their 
faculty by almost 50%, says Varmus. 

But as requests for NIH money edged 


‘Grant Applicants to NIH, 198-2007" 
edited 


000 
“98 99 0) "OL 02 “OS OF OS OF 


Percentage of Proposals Funded, 1998-2007" 
* Paste 


2% 
2% 
we Pee 
2 
oy 
ew we Oe OF 


NEWSFOCUS, t 


upward, NIH’s resources began to drop, 
Afier a 16% increase in 2003, the final year 
ofthe doubling, NIH received a 3% boost in 
2004, an abrupt reversal of fortune, 
Although the general rate of inflation 
in 2006 was 3.1%. according to the 
USS. Department of Commerce, the cost of 
goods and services in bio- 
medical research and devel- 
opment rose 4.5%, The num 
ber of competing grants NIH 
funded peaked in 2003 and 
has been dropping since. The 
declining value of NIH'S dol- 
lars and rising demand were 
a perfect double whammy, 
says Zethouni, 

Yet the numbers fail to convey the 
gnawing unease and foreboding expressed 
by scientists across disciplines and at 
every stage of their careers. “The ripple 
effeet here is amazing and paralyzing, 
says Steven Dowdy, a cancer biologist at 
the University of California, San Diego. At 
Brown University, molecular cell biologist 
Susan Gerbi, who helps oversee graduate 
training, canvassed 49 faculty members in 
eight departments recently, as she does 
every year, 0 see how many would take on 
a graduate student from next year’s pack. 
“In the past. it Was a majority.” around 
90% of those who responded, she says. 
“This year, only about 25% of the trainers 
said they would be interested ... because 
they did not have a guarantee of funding 
for next fall 

“What's chilling” about the drought is 
that “we're getting into years 3 and 4 with 
no end in sight." says Edward Beng Jr, the 
president and CEO of Dana-Farber Cancer 
Institute in Boston, Many researchers 
noted that the pressures on the federal 
budget. including the war in frag. leave 
Congress little room to expand or even 
stabilize other programs. 


Crunched for cash 
Alan Schneyer, a $2-year-old reproductive 
endocrinologist who has spent his career 
at Massachusetts General Hospital in 
Boston, at first wasn't too concerned 
when his grant application failed to make 
the cut. Like Svoboda and all scientists 
applying for ROIs, Schneyer is allowed to 
submit two revisions of an application in 
hopes of persuading reviewers to give a 
fundable score. Schneyer’s work had 
recently taken an unexpected turn, After a 
decade of studying how two proteins 
affect reproduction, he had eliminated 
them in mice and hit upon a surprising 


SCIENCE VOL316 20APRIL2007 


357 


| NEWSFOCUS 


358 


After 
NIH 


Jab has sh 


th day 
that 


result: The 
toleranee 
cells that m: 
to treat d 
sitys Schneyer 
Schneyer si 
Ry 
the diabetes field, In March, he I 
on his third and! last chance, he 
year's funding eutofl by 


imals had superior glucose 
n abundance of pancreatic 
LF yo 


20 years c 


insulin, re trying 
tes, this would be perfeet.” 


she went through a “sev= 
is learning curve” transitioning into 
med that 


do 1 don 
Oberdorfer, a pr 


missed this 


Peer Review Under Stress 


With biomedical grant applications at an alltime high, competition fs 
putting a strain on the system that picks the winners. Alter serving on 
recent study sections—as judging panels are known at the National Inst 
tutes of Health (NIH)—many researchers describe the stress and frustra 
tion of having to make arbitrary distinctions. “You're on the airplane fy 
ing home thinking ‘We were realy flipping coins on those last three 
grants,’ says Michael Mauk, a neuroscientist atthe University of Texas, 
‘Austin, who chaits a study section on learning and memory. “The prob- 
lem hen pay lines get this lw is that we're not cutting out the fat, we're 
cutting into the meat.” 

Although the system still works fairly well overall, says David 
Perkel, a neuroscientist at the University of Washington, Seattle, and 
‘a member of Mauk’s study section, it doesn’t have the resolution to 
precisely rank the top applications in a given pool. Yet as NIM pushes 
Against a no-growth budget, small distinctions among the best pro- 
posals matter more and mote. “It’s possible to get tothe top 20% and 
do it in a deliberative way,” Perkel says. “But what I think is really 
problematic is subdividing that top fifth.” For example, Perkel has 
Seen what he calls “figure-skating effects.” As in the Olympic finals, 
“the first skater never gets 2 10° because the judges want to leave 
oom for stil-more-impressive performances, Perkel says Similarly in 
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On the hunt. Submitting grant 
applications takes more and more time, 
says neurobiologist Kurt Svoboda. 


ants and failing. includ- 
two unsuccessful atte 
1ew a second ROI, Schneyer's 


‘he works the 


Kidney Diseases may yet make 
an except 
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National Eye Institute. “I feel like I'm 
doing a lot of social work.” 

Compounding the problem is that most 
universities and medical institutions rely on 
NIH money for the bulk of scientists 
\d are not set 


3 years of trying for 
salaries and overhead costs a 


pis!0 up to support faculty members long-term, 
Traditionally, “bridge funding” could tide 
researchers aver fora few months, But now, 
ists than ever are having to 


pot 


unk from six people to 
by himself 
the National Institute 


resubmit grant applications, with a 


8 months or more in between each submis- 
sion, At NIAID, the percentage of proposals 
funded on the first try has wone from 27% in 
2001 to 11% in 2006, 

Some schools are beefing up their 
bridge funding. Dana-Farber, for example, 
is setting aside $3 million to $4 million this 
year. Historically, the institute reserved 
$500,000 to $1 million “and almost never 
spent it.” says Benz, Dana-Farber CEO, 


jon and fund him, he's 
ay chances. Next 


W’svery Even “the senior investi- 
ou won't gator is turning out to be a 
nt, even challenge for us to support 
idea and Benz continues, Funded 


grants are subject to cuts 
24% on average at the 
National Cancer Institute 
(NCI), for example, and 
18% at the National Insti~ 
tute on Aging. In each of the 
last 2 years, says Benz, wo or three Dana- 
Farber labs have found themselves hun= 
ays Michael dreds of thousands of dollars short of what 
am director atthe they say they need to keep runnin, 


ne 


his study section, the best scores almost always come later in the 
meeting, Perkel says: “Because there’ this score ceep duting the day, 
it introduces some inequities.” 

There's another unspoken rule, researchers say: grant applications 
being submitted for the third and final time often receive preferential 
treatment. (NIH only allows three tres.) Some reviewers admit to feeling 
torn between a desire to toss a lifeline to a vulnerable colleague and the 
obligation to score grant proposals strictly according to merit. "I think 
reviewers are very aware that there's alot at stake here,” says Michael 
‘Obeidorfer, a program director atthe National Eye Institute, “You're talk- 
{ng about the survival of a lab.” The sucess rates for bread-and-butter 
‘rants known as ROIs ten to increase with each submission, Across NIH, 
the success rate (the number of funded grants divided by applications) in 
2006 jumped from 8% for first time RO1 applications to 28% for second 
submissions and to 47% for third attempts. n 1998, in contrast, the dif 
ference between first and third application success rates was smaller: 
21% and 41%. 

Researchers want the best and brightest of their colleagues reviewing 
their grant proposals. But stocking study sections with well-qualified sci 
entists has gotten harder recently. Grant applications to NIH are pro- 
jected to increase 65% between 2002 and 2007, and in response to 
pleas from overloaded researchers, NIH has cut the number of proposals 
each reviewer is asked to review, As a result, the pool of reviewers has 
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smoothly—money that Dana-Farber has just the way you do, but the numbers 
kicked in, “The full impact hasn't been bear that out,” he says. Still, centers have Nowher 
own somewhat. In 1998, they made up 
. compared with 10% in 
request filed in February, 
rants Buk 
‘and will submither second shotat her ROL in ROIs and other individy 
ast a wide net in slightly, from 81% in 1998 to 


felt because institutions have provided a 
buffer, but the funds that provide for that 8% of the bud, 
bufler are disappearing,” he says. the 2008 bud 

At Brown, Gerbiisrunning outofmoney The extramural 


July. In desps 
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Astrain on the young 
does the funding gap seem wider 


an NIH grant funded 
devoted toon their first submission these days,” s 

rants bas dipped David Sweatt, chair of the neurobiolo 
in 2006. department at the University of Alabama, 


her quest for funds, applying everywhere But it’s not clear that this is compounding Birmingham, Sweatt has hired three young 


from disease foundations to the Department the troubles of individual researchers, says scientists in the past year and worries 


of Defense 


id has about 10 grant applica- 
tions pending inside and outside NIH. In the 
meantime, she says, the university offered 


her some money that will run out this sum- 18.00 


mer—but only because she recently unde 
went treatment for breast cancer and 
exception was made, If 
come throug! 


i money does 


using large-seale 


decipher 


Competing Grants Funded, 198-2006 


fund 
8000 think « 
At Vanderbilt University in 

h within months, she Says, 4999 mnnessee, pediatric infectious disease spe 
she'll be closing the stock center she k cialist John Williams recently learned that 
‘of a rare fly species named Sefara andl, in the his first ROL application failed to make the 
\worst case scenario, her lab as well — cut on its second try, Although NIH insti- 
Many scientists complain that the tough tutes generally give new investigators a 
funding climate is exacerbated by an exces- 2000 bonus by increasing the pay from 
sive focus at NIH on costly “big science.” 12% 10 14% at NIAID, for example, or from 
such as the Cancer Genome Atlas, whieh is ° 12% 0 18% at NCI—that only helps if the 
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yout 
their future, “I see it as this dark shadow 
hanging over people who are just starting 
‘out their they're having to 
spend so much time being anxious over 

g. to the detriment of having time to 
atively about th 


bs.” he says.” 


research.” 
shville, 


so that are set 
wed” and left 


grant isn’t among the 40" 
aside when they're “tri 


whose 3-year pilot phase is budgeted at NCI Director John Niederhuber, Many big unscored by evaluators, This happened to 


$100 million, Projects like this one, many te 


grants that sus 


n applying for ROIs. 


should be 


priority than they used to be, 


nearly doubled in the past few years, and “the quality is not always 
there,” concedes Antonio Scarpa, director of NIH's Center for Scientific 
Review (CSR), which coordinates the grant review process. Moreover, 
‘many top scientists, under pressure to hep thelr own labs productive, 
decline to serve on study sections. 

The lack of experienced scientists on review panels sa long standing 


atives at NCI, he says, an 
scientists say, are coming at the expense of some of the same researchers who would be emergency-room doctor 


wovation over It would be ridiculous to think we — love science. and we want to do re 


at ROIs are a lower the way we did in 1970 
Thear that “Science has changed t 


nding Williams, who left a bett 


ajobasan 


nd now studies a 
respiratory virus that strikes children, “We 


arch,” 
2007 exactly he says of physicians like himself, “but 
ssiys Niedethuber. we have to eat.” Williams, who has four 
mendously children of his own, appreciates that NIH is 


Issue that's been accentuated by the current funding squeeze, says 
Edward Kravitz, a neuroscientist at Harvard Medical School in Boston, He 
‘says he’s the recent victim of what he claims was a poorly informed 
review. Although his group has published four papers in high-profile 
Journals since November on the genetic basis of aggressive behavior in 
fruit flies, this month a proposal to continue this work was “triaged"— 
fejected without being discussed by the full study section, (CSR has long 
told study sections that about 50% of grant applications should be 
triaged to save time for discussing the best applications, but therule has 
been more strictly enforced in the last year or two, Scarpa says.) “There's. 
‘something very wrong here,” says John Hildebrand, a neuroscientist at 
the University of Arizona in Tucson, who describes Kravit's fly research 
as “utterly novel and creative.” 

Scarpa says CSR has several new initiatives to recruit qualified 
reviewers, including soliciting recommendations from scientific soc 
‘ties, tapping more researchers from outside the United States, and 
testing Web-based reviews that don’t require researchers to travel to 
NIH headquarters in Bethesda, Maryland, Three senior scientists, mem: 
bers of the National Academy of Sciences, recently agreed to serve on. 
such online study sections because they wouldn't have to travel {rom 
California, Scarpa says. He sees this as an encouraging sign. “The 
review is as good as the reviewers are,” Scarpa says. “So that is one of 
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The 2007 Gairdner 
International Awards. 


rdner Foundation is pleased (o announce the winners of the 2007 Gairdner 


onal Awards 
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C. David Allis, Ph.D. Harry F. Noller, Ph.D. 
Joy & Jack Fishman Professor Robert Louis Sinsheimer Professor 
of Molecular Biology 


or the histone code.” 


Dr. Kim Nasmyth, Ph.D. Thomas A. Steitz, Ph.D. 
Whitley Chair Sterling Professor of Molecular 
1 Bloptysics & Biochemistry 


“for chromosome segregation a 
= “for the structure and function 


__ of the ribosome.” 


Dennis Slamon, M.D., Ph.D. Dr, Harty f, Noller 


or the development of Herceptin 
in breast cancer treatment.” 


if ne De Thomas A. See 
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Foundation 


trying (o help, But “the efforts being made 
don’t seem to be very effective,” he says, 
As it happens, in 2006 first-time appli- 
ccants actually had u better shot than estab- 
lished ones at scoring an ROI or equivalent 
grant on their first try: 9% compared to 
7%, according to the NIH director's office 
But NIH officials are increasingly worried 
about mid: 
to renew their first or second grant. 
probably where the pai 
Zerhouni. Last month, NIH announced the 
Director's Bridge Awards, promising up to 
$300,000 to tide over selected researchers for 
8 year who just miss the funding cutofY. But 
stich assistance is not the same as land 
grant, which is “a big ele 
decision,” says Leonard Zwelling, vive pres 
ident for research administration at M. D, 
Anderson Cancer Center in Houston, Texas. 
Researchers early in their careers are 
eyeing the situation and wondering whether 
they should even try to ride it out. “We're 
losing some very talented people who are 
deciding that there's not enough stabil 
here.” says The 
National Institute of Men 
One is Jerome Rekart, who was a post- 
doctoral fellow at the Massachusetts Insti- 
tute of Technology (MIT) in Cambridge 
until he left last July for a teaching job at 
Rivier College, a libe 


Insel, director of the 
al Health, 


Proposals Funded in 2006 
By Institute 

Nationa Human Genome Research intiute 34% 
Naina ost of General Mati Seences 26% 
Aina Ee fst 2% 
Rational rst of Environmental 

Health Sciences bead 
National Inst of Dabete and Digestive 2545 
And dey Dees 

Aston Inst of Alley and 

Infectious Diseases, fe 
Nana insite of Mental Heath 20% 
Naina eae ung and lod nsiute 20% 
National Cancer site 19% 
National inst of Dental ad 

Craniofacial Research an 
National astute of Newoaga Dordes 

and Stroke Lad 
Aina inst on Aging 1% 
Nal eof Child Heath and ye 


Human Development 


Nashua, New Hampshire. Concerns about 
funding were a major factor in his decision, 
Rekart says. Throughout his graduate 
school career and the first year of his, 
postdoc at MIT, he'd seen mentors and 
respected scientists constantly fretti 
about their funding 
“That was scary to 
me,” he says. 
Rekant’s adviser, 
MIT neuroscientist 
Martha Constant 
Paton, says he ¢ 
to her lab with out- 


sta 
dations and a 
ber of publications, 
“This is not the kind 
of person you'll want 


to lose,” she says. 

NIH apparently 
felt the same way 
awarding Rekart 
training grant last 
year. By then he had 
dy decided 10 
move on, and he has 
no regrets, “I can 
control how well | 
teach,” 
don't have control 
‘over the NIH budget 
andl how many pieces of the pie are avail 
and whether or not [can get one 

While some si 


he says. “l 


of scientists predict 
tha ones will dis- 
appear, others ri grim forecasts. 

There isa sense of unease,” says Varmus, 
but “I don’t think we're losing young peo- 
ple outright yet 


a generation of young 


ject such 


Looking ahead 
NIH officials are strugelin; 
keep the percentage of propos 
from sinking even lower. But with 77 
ch budget tied up in ongo 
inclu ts that last several years, insti 
tute directors and Zerhouni say they have rel- 
little leverage. Many institutes have 
programs. particularly 
es (Science, 2 March. 
p. 1202). At the National Heart, Lung, and 
Blood Institute, Director Elizabeth Nabel 
says she has put off funding a new hyper- 
tension trial, and at NIAID, Fauci says he 
freed up $15 million by delaying further 
development of an Ebol 
At the same time, “we can’t not have any 
new ii “Science 
ina way that you have to push it sometimes. 
Today’s anxiety appears to reflect what 


meanwhile, 10 
s funded 

ofthe 
projects. 


says Fauci 
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happens when funding patterns shift abruptly 
“Once you've expanded the [research] capae- 
y, What are you going to do?” asks Nabel, 
"You just can't turn off the spigot quickly and 
keep the engine running at full gear.” Still, 
she adds, decisions about how to prioritize 
biomedic ch 
“ane really made a 
societal level,” 

In hopes of influ 
encin 


sions, scientists, 
convinced that an 
increase in NIH's 
budget will mark an 
improvement in their 
fortunes, are lobby~ 
ing Congress heav- 
ily, Sor 
considering alt 
tive funding sources 
The real question 
to me,” says Mary 
Hendrix, president 
and scientific direc- 
tor of Children’s 
Memorial Research 
Center at Northwest 
ern University in 
Chicago, Minots, “is 
how to reconstitute 
the lost funding 
without relying on government support 
Hendrix, one of the leadership group who 
met years ago to look beyond the NIH dow 
bling, favors boosting public-private partner- 


shipsand working more closely with disease 
foundations, States, for example, are inereas- 
wly stepping in to finance human embry 
‘onic sten rch. 

But ultimately, Congress will set the 
pace, and there are glimmers that next year's 
budget may reverse the years of fat funding, 
Although President George W. Bush has 
recommended cutting the 2008 NIH budget 
by about $500 million, Congress has sug- 
gested it may push the other way 


ell res 


In February, Svoboda at LSU learned 
that on his third try, and to his great relief, 
his grant would win federal money 


scored in the 17th percentile and will be ree 
‘ommended for funding at the National 
Institute of Environmental Health Sciences. 
As a result, Svoboda is feeling a lot more 
‘optimistic about his tenure review this fall, 
although the eyperience lefthim disillusioned. 
“It’s wiped out my personal life,” he say’ 
“Irs just been a brutal process.” Now he has 
few years before he'll need to compete for 
funding again. 
“JENNIFER COUZIN AND GREG MILLER 
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INFECTIOUS DISEASE 


Polio: No Cheap Way Out 


Some experts have proposed abandoning efforts to eradicate the virus in favor of 
controlling it, but a new analysis says that could be more costly in the long run 


Last year, several public health & 
broached a heretical idea: Maybe itis time to 
{sive up on eradicating polio. Instead of try 
to wipe out the disease, perhaps it makes 
ntrolling it an 
the money that would be saved for more 


more sense to settle for 


pressing health problems, such as malaria or 
HIV/AIDS, The idea quickly 
cates, but details of what a control strateg 
‘might entail—and what it would cost—have 
been lacking. 

Now, researchers at Harvard School 
Public Health in Boston have developed a 
mathematical model to exph 
Specifically, they 


the options 


ccontrol scenarios from aggressive efforts to 


keep the number of polio cases very low to 
more minimal interventions that would 
accept a higher disease burden—and then 


ulcoffs in terms of costs versus 
polio cases for each, 


Eradication, assuming it is feasible 
might yet cost billions to achieve. But it 
would still be cheaper than any control 
option—even those that would let cases soar 

100,000 a year—the team reports. “It is 
fot intuitive. Control does not appear to 
offer any financial savings.” says Kimberly 
Thompson of Harvard, who led the effort 
with postdoc Radboud J, Duintjer Tebbens. 
The 
week by The l 


results were published online last 
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Eradication is the best buy, It makes not 


just economic but humanitarian sense 
Bruce Aylward. who directs the ¢ 
cradication initiative from the World Health 
Onganization (WHO) in Geneva, Switzerland, 
and is clearly deli 
Thompson's work iss nailin the coffin for 
idea that there tsa cheap and painless way 


oball polio. 


Even erities of the campaign have been 


loath to throw in the towel, Polio is one of a 


very small number of diseases in the world that 
are even candidates for eradication, because it 
doesnt havean animal reservoir, and relatively 
are available. I's 


angue with the success ofa pro 


cheap and effective vaecin 
also hard 
gram that has slashed cases 99%, from about 
350,000 in 1988 to about 2000 in 

But 
1s remains elusive. After droppi 
time low of 483 in 2001, glo 
ound 1300 a year for the past 7 years 
ctains 3 tenacious hold in four 
India, Nigeria, Afghanistan. and 
from which it periodically erupts 


20 years and $5 billion late, that hast 
to an all- 


al cases have hov- 
ered a 


Pakistan 
and reinfects polio-free countries, Between 


2003 and 2 
fion batt 
Most experts 
nically feasible 
the program has bee 


adication is tech 


resources. But 
sidelined by budget 


shortfalls, rumors about vaccine safety, reli- 


gious and political opposition, conflict. and the 
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‘Back on track? With the world still reling from its 
2003 boycott af the polio vaccine, the Nigerian tae of 


Kana has resumed massive immunization campaigns 


technical challenge of trying wo vaccinate every 
child on the planet muliple times. Asdeadlines 
gue and a perception 


returns have grown, and it has 


have come and gone, f 


become increasingly tough to raise money 
Right now, says Aylward the pr 
its mos critical funding shortfall ever. 
Given these setbacks, i's not surprising that 
people are questioning whether 
makes sense, concedes Stephen Cochi of the 
Jobal immunization program at the US, Cen 
{ers for Disease Control and Prevention (CDC) 
in Atlanta, Georgia. One ofthe most prominent 
calls for a reassessment came in an article in 
Science last yearby Isao Arita, veteran of both 
polioand smallpes eradication campaigns, and 
‘We believe the time has come for 
for polio to be shifted from, 


unis facing 


ication 


colle 


eer 

‘eradication’ Wo “effective control, "they wrote 
(Science, 12 May 2006, p. 852), 

Skeptical that a low-cost, low-case 

Kier 

Tebbens set out to invest funds 

from the Harvard Kids Risk Project; no 


option existed, Thompson and Du 


support for this study came from WHO, 
CDC, or other partners in the eradication 
initiative, Thompson says. 


First, they looked at what would happen if 
endemic countries were to scale back on 
immunization: To what extent 
quickly, would polio eases rebound 
used a model that factors in variables such as 
the basic reproductive number of the virus, 


and how 
They 


the level of population immunity, and out 
break risks, plugin 
Untar Pradesh and Bihar, two states in north 


ern India where polio transmission remains 


intense despite extensive vace 

The model confirmed what the experi: 
ence of the past few years has shown, says 
If you back off, you will likely 
see hu Just a 10% declin 
immunization intensity resulted in more than 
5000 additic 
these two Indian states alone 

Then they explored the radleoffS of various 
arios for the 
s, where the 


Thompson 


outbreaks. 


al expected cases a yeur i 


control and eradication sce 
world’s low-income countr 
biggest burden of cases would likely occur 
in wealthy countries, 


(Polio is not an issu 
tes are high.) 
tolerating a cer- 


‘where routine vaccinatio 
Control means, in esse 
tain number of polio cases a year, but there is 


noagreementon what an “acceptable” amount 
might be. Arita, for instance, had proposed 
keeping polio cases to fewer than 300 a year 


‘Thompson and Duintjer Tebbens decided 


Moderate Success for New Polio Vaccine 


The first data from the field are in on a new weapon in the campaign to 
eradicate polio: monovalent orl poliovirus vaccine (mOPV), introduced in 
India in 2005 in the hope of stopping the most intransigent chains of 
transmission, The good news is that the vaccine seems to be three times 
‘more effective than the trivalent version that has been the mainstay ofthe 
polio eradication initiative, But the bad news is that even the new one is 
still. a pretty blunt instrument. 

Without question, Albert Sabin's OPY, alive vaccine made from three 
attenated strains of poliovirus, has worked wonders, leading tothe virtual 
disappearance of polio from all but afew corners ofthe world (ee main 
teat). The virus is hanging on in northern Nigeria, where an antivaccine 
boycott in 2003 led to a huge resurgence of cases. Along the rugged 
border of Pakistan and Afghanistan, insecurity and rumors are hampering 
Yaccinators’ access to children. n India, crowded, unhygienic conditions 
seem to be pushing the biological timits of vaccine, 

{thas long been known that OPV isn’t as effective in poor tropical se 
tings, where population density and inadequate sanitation combine to fuel 
Wiral transmission, But it wasn't clear exactly how bad things were until last 
year, when Nicholas Grassly of imperial College London and colleagues 
{reported a mere 119% efficacy per dose in the states of Uttar Pradesh and 
Bihar (Science, 17 November 2006, p. 1150). No wonder cases of pollo ate 
‘occurring there even in children who have received as many as 10 doses of 
OPV, Grassy says. 

‘A 2006 outbreak in Uttar Pradesh provided a chance to assess the 
efficacy of the new vaccine on the ground, Grasly and colleagues scoured 


to start with a number that essentially reflects 
‘where we are today. about 1300 polio eases a 
iC takes to keep eases 
te, says Thompson: about S680 million 
ear, About $400 million of tl 
‘costs of surveillance, routine potio imumuniza 
tion, and two rounds of supplement 
nization in al low-income countries. Another 
5280 million goes for four additional immu- 
nization rounds in endemic areas. Thompson 
nd Duintjer Tebbens defined this option as 
wtressive” or “very high” control, Playing it 
‘out over 20 years, as control efforts would 
‘continue indefinitely, led to:a whopping cost 
of $10 billion 

They then fiddled with the variables to 
come up with less-agaressive control seenar- 
ios. Under the bare-bones option —row 
immunization with no supplemental rounds 
and no outbreak response—global cases 
quickly soared to 200,000 per year. Some 
thing in the midlle—say, two supplemental 
rounds every 3 yearsand a moderately ayares- 
sive emergency response—might keep cases 
to 46.000 a year and cost almost $8 billion 
‘over 20 years, 


“All models 


year. We know w 
that 


Hands down, 
and costs is eradicatio 


John Sterman. a fellow model 


this is “the best analysis out there. I don’t 
know of any other analysis as detailed and 
carefully grounded in the data.” 

ye Winner in terms OF eases 


NEWSFOCUS, L 


data from India’s 


National Polos: 

weilanceiojetto yD 

identify children Ee 

who had developed # 

type Lpoliomyelts, £8 

with onset of paraly- 5g 

sisbetween 1997 By“ 

and 2006. Using #5 ™ 

admitealyindiea 8° 

measures, they then » 

comparedhonmany = TFT T ITT eae 
doses of vaccine the Doses. 


2076 cases and 

age-matched controls had received, They reed on parent recall, validated 
‘with government data on how many immunization rounds had been con 

‘ducted in each area, and which vaccine, monovalent or trivalent, had been 
used, “W's not perfect,” says Grassy of the methodology, “but it seems 
fairly reliable.” 

They found thatthe efficacy per dose of mOPV was 30%, three times 
that of {OPV in the same setting. “Its lower than you would expect and 
Tomer than you would tik, but i s moving in the right direction," says 
Grassly, lead author on a study published ontine last week in The Lancet, 

Paul Fine of the London School of Hygiene and Tropical Medicine 
agrees that the findings show that “mOPV isa better tool for type 1 polio. 
We would expect that.” But is it good enough to stop transmission? "We 
don't kno,” says Fine LR. 


team modeled four widely discussed 
“posteradication” options: stopping routine 
immunization after transmission of the wild 


fTechnology’s Sloan virus has been halted, continuing immunizai- 
igement in Cambridge. But _ tion with oral poliovirus vaccine, continuing, 
with OPV and supplemental rounds, and 


switching to the more expensive inactivated 
poliovirus vaccine. These scenarios ranged 
from roughly $80 million to $5.5 billion over 
20 years, not including the cost to achieve 
eradication in the first place, which Aylward 
‘estimates could be another 82 billion, 

The bottom line, says CDC's Cochi, is 
“there is not a viable control option. It's an 
illusion that you can take your foot off the gas 
pedal and ease up and it will be much less 
and there won't be a huge resurgence.” 
adds that this analysis shows “we need to 


says Thompson. The 


He 
intensify efforts, not slack off; We need to get 


the money and commitment and finist 

The worst possible option, which looks 
something like what is happening today, is 
what Thompson calls “wavering comm 
ment.” As she describes it, when eases drop 10 
Jow levelsasthey did in 2001, people may feel 
they are spending too much on polio and turn 


E203 TOR TO BOTTOM) ADAPTED FROM GRASSY ETAL, HELANCET34812 APL Ze, AL AMEC REECE aN 


Control essentially means “low cost and their attention elsewhere. Cases resuinge, and 
high cases, or high cost and low cases, oF the world rushes back in. “I's expensive, and 
something in between.” says Thompson. She Entrenched. The poliovicus continues to dculate in Wehave more kids paralyzed” she says, “If we 
‘cautions that the numbersare projected values tar Pradesh, Inia, despite the highest vaccination do it repeatedly, we pay more money than if 

8 and should not be taken as gospel. “It’s a big resin the world \we just finished itoff” LESLIE ROBERTS 
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European Skin Turned Pale Only 
Recently, Gene Suggests 


Researchers have disagreed for decades about 
aan issue that is only skin-deep: How quickly 
did the first modern humans who swept into 
pale skin? Now a new report 
‘on the evolution ofa gene for skin color su 
gests that Europeans lightened up quite 
recently, perhaps only 6000 t0 1 
This contradicts a to 
ssis that modern humans in Europe grew 
paler about 40,000 years ayo, as soon as they 
migrated into northern latitudes. Under 
darker skies, pale skin absorbs more sunlight 


Europe acqui 


Lighten up. A gene for pale skin swept through 
Europeans relatively recently. 


than dark skin, allowing ultraviolet rays to 
proxluce more vitamin D for bone growth and 
calcium absorption. “The [evolution of] fight 
skin occurred long afer the arrival of modem 
‘humans in Europe.” molecular anthropologist 
Heather Norton ofthe University of Arizona 
Tucson, said in her talk 

The genetic origin of the spectrum of 
human skin colors has been one of the big 
puzzles of biology. Researchers made 
‘major breakthrough in 2005 by discovering 
ene, SLC2445, that apparently causes pale 
skin in many Europeans, but not in Asians, 
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A team led by geneticist Keith Cheng of 
Pennsylvania State University (PSU) College 
of Medicine in Hershey found two vari- 
ants of the gene that differed by just one 
amino acid, Nearly all Africans and East 
Asians had one allele, whereas 98% of the 
120 Europeans they studied had the other 
(Science, 28 October 2005, p, 601). 
Norton, who worked on the Cheng study 
as a graduate student, decided to find out 
\when that mutation swept through Europeans. 
Working as a postdae with geneticist Michael 
Hammer at the University of Arizoy 
sequenced 9300 base pairs of DNA in the 
SLO24A5 gene in 41 Europeans, Africans, 
Asians, and American Indians. 
Is m the gene that did not 
‘cause paling, she calculated the background 


she 


allele had a “striking lack of diver 
this flanking DNA. 
e, because not enough time has 
passed for new mutations to arise. The data 
suggest that the selective sweep occurred 
530010 6000 yearsago, but given the impre- 
‘cision of method. the real date could be as far 
back as 12,000 years ago, Norton said, She 
added that other, unknown, genes probably 
also eause paling in Europeans. 
ther way. the implication is that our 
European ancestors were brown-skinned 
for tens of thousands of ye 
tion made 30 years ago by Stanford Univer- 
neticist L. Luca ( a. He 
ed that the early immigrants to Europe. 
therers, herders, and 


arg 
who were hunter- 
fishers, survived on ready-made sources of 


vitamin D in their diet. But when farming 
spread in the past 6000 years, he argued, 
Europeans had fewer sources of vitamin D 
in their food and needed to absorb more 
sunlight to produce the vitamin in their 
skin. Cultural factors such as heavier cloth- 
ing might also have favored increased 
absorption of sunlight on the few exposed. 


areas of skin, such as hands and faces, says 
paleoanthropologist Nina Jablonski of PSU 
in State College. 

Such recent changes in skin color show 
that humansare still evolving, says molecular 
anthropologist Henry Harpending ofthe Uni- 
versity of Utah, Salt Lake City: “We have all 
tacitly assumed for years that modem humans 
showed up 45,000 years ago and have not 
changed much since, while this and other 
‘work shows that we continue to change, often 
ry fast rate” 


Gorillas’ Hidden 
History Revealed 


Although gorillas are our elosest living rela 
tives other than chimpanzees, their evolution 
issomething ofa mystery. There areno fossils 
of gorillas and little DNA from wild ones. 
Now, a new study of nuclear DNA from the 
of wild gorillas offers glimpse 
mysterious past and of how new 
species of primates arise 

Unlike their cousins the chimps, these 
shy herbivores turn out to have diverged 
slowly into two species, apparently taking 
the better part of a million years, according 
toa talk at the meeting by molecular anthro- 
nt of the Max Planck 
nthropology in 
Jt shows us how Ii 
‘we've known about speciation in gorillas, 
ys anthropological geneticist Anne Stone 
of Arizona State University in Tempe. 

Previous studies of the paternally inher- 
ited ¥ chromosome from gorillas suzgested 
that the two species—eastern gorillas and 
‘western gorillas—interbred until recently. 
But m: 


ig, Germany, 


afusion, says evolutionary biologist 
Michael Jensen-Seaman of Duquesne Uni- 
versity in Pittsburgh, Pennsylvania. 

ilant and her colleagues isolated DNA 
from the blood, liver. or feces of 18 of the 
14,000 wild gorillas left on the planet, 
inchiding three eastern gorillas from Uganda 
and the Congo; the western gorillas were 
chiefly from Cameroon, The team sequenced 
14,000 base pairs of noncoding (and there- 
fore presumably not under selection) nuclear 


voww.sciencemag.org, 


Adapting to Tibet's Thin Air 


Researchers seldom see Darwinian natural 
selection happening in living people. So 
physical anthropologist Cynthia Beall was 
delighted in 2004 when she discovered a 
trait that boosts the survival of some Tibetan 
children, apparently by raising the level of 
oxygen in their mothers’ tissues—a crucial 
advantage during pregnancy 4 kilometers 
above sea level 

Now Beall has updated her study by explor 
ing a possible mechanism for the adaptation 
and by documenting thatthe adaptation rep 
fesents some ofthe strongest natural selection 
yet measured in humans. Her team is showing 
hhow a genetic tat can dramatically improve 
survival in realtime, in living mothers and 
bables. “I ove this work,” says Mark Gladwin, 
chief of the vascular medicine branch of the 
National Heart, Lung, and Blood Insitute in 
Bethesda, Maryland. “It shows you need a 
strong adaptive response to have children sur 
vive at high altitude.” 

Beall, of Case Western Reserve University 
in Cleveland, Ohio, and her colleagues have 
fora decade been gathering all sorts of family, 
biological, and fertility data Irom men 
women, and children living in more than 
900 households in 14 villages in Tibet. As 
pat of the study, they also tracked the survival 
of children born to mothers who had high 
and {aw oxygen saturation in their blood 
(Gciencenow.sciencemag.org/cai/contentiull 
2004/916/4). Beall reported at the meeting 
that women with high levels of oxygen in their 
blood had more than twice as many surviving 
babies as had those with ow oxygen levels—a 
ratio of 1:0.44. Ths isa startlingly strong 
Selection pressure, she says—even stronger 
than that on the sickle cell gene, which 


DNA from each gorilla, Disparities turned up 
at 79 different sites, similar to the g 


diversity in chimpanzees, but wiveas high as 
able for their lack 


in humans, who ate re 
of variation, 
how odd humans are,” 


Vv 


4 number of genetic differences to 
3 calculate a mutation rate, which 
# allowed them to date the timing 
E of the initial speciation to about 
8 900,000 10 1 million years ago 
B That's just when the two species 
; 

H 


of chimpanzees went their sepa- 


rate evolutionary ways, suggest- 


broke up the dense forests that 


East met west. Eastern gorillas (right) bred 


protects against malaria and 
hhas a fitness ratio of 1:0.66. 
But exactly how do these 
women manage to carry extra 
‘oxygen in their blood? They do 
‘not produce more hemoglobin 
the way Andeans living at high 
altitude do. One possibility is 
that the women with high oxy 
gen have an adaptation that 
Beall is exploring independ 
cently in these same Tibetan vil 
lagers. She found that some 
villagers exhale extra nitric 
oxide in their breath, a sign of 
additional amounts of the gas 
in their blood. In those 
Tibetans, nitric oxide dilates 
the blood vessels so they can 


pump more blood and oxygen 
fo organs and tissues, as meas 
tured by images of heart and 
lung blood vessels. The 
Tibetans can boost thelr blood 
volume—and so pump more 
oxygen to their tissues—with 
‘ut producing more hemoglo- 
bin oF raising the blood pres 
sure in their lungs. That's the reverse of what 
happens when mountaineers suffer from ory: 
gen deficiency: The blood pressure in their 
lungs rises, the blood vessels constrict, and 
fluid builds up, suffocating the lungs. 

The next step, says Beall, isto try to see 
whether these two lines of research meet. She 
wants to find the underlying gene behind the 
women’s high-oxygen blood—and see 
whether itis related to genes that regulate lev 
ls of nitric oxide in the blood. She notes, Now 


are home to both chimps and gorillas 
Although chi 


species rapidly 


Zees sorted Into two 
km 
ate at low levels until 
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On top of the world. Tibetans with oaygen-rich blood have 
‘more surviving children. 


‘ever, that it's quite possible that the Tibetans. 
have evolved more than one way to boost 
blood oxygen, and that these are independent 
adaptations. Gladwin suggests that Beall's 
team also measure nitric oxide and blood 


pressure fa the lungs in pregoant women, who 
are under the most physiological sess at alt 
tude and presumably would benefit most from 
this adaptation, “Study the pregnant women,” 
he says, “because that’s where you'll see evo: 
(ution in action,” “AG. 


164,000 t0 230,000 years ago, with males 


joving more than females, says Vigilant 


That's surprising because today the two 
species live 1000 kilometers apart and most 
gorillas never venture far from home, “I 
find it amazing that 


hundreds of thousands of years, 


ene flow persisted for 
she says, 
Her study offers a rare window on speci 
ation in apes, which serves as “a model for 
Lin 


Jensen-Seaman. Until now, researchers, 


have focused on the quick split between 
In fact 
sloppy back- 
ene flow—a long, drawn-out 
be the norm, 

~ANN GIBBONS 


ecies of chimp: 


Jensen-Seaman, gorillas 
and-forth 
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Retraction 


WE WISH TO RETRACT OUR RESEARCH ARTICLE “THE MRNA OF THE A 
from leaf to shoot apex and induces flowering” (/). After the first 
Pl 
ilies, ICs apparent from these files that data from the real-time RT-PCR were analyzed incor: 


reetly, Certain data points were removed, while otherd 


IDOPSIS GENE FT MOVES 
WF CTH.) felt the Umea 


is original data revealed several a 


t Science Centre fo 


wther position, analysi 


REPC 
tistical analysis, most of the reported significant diflerences between time points disappear. 


the statistical analysis. When all the primary real: are subjected to correct sta 


Because of this, weare re 


In new experiments, we have reproduced the floral induction caused by a heat-shock induc 


detect movement of the transgenic FT mRNA 


tion of FT ina single leaf, but we have faiked 


from leaf to shoot apex, We therefore retract the conclusion that FT mRNA is part of the floral 
inductive signal moving fom leaf to shoot apex. 
We deeply regret any scientific misconceptions that have resulted from the publication of 


these data 
The first author of the paper (TH.) strongly objew 
therefore declined to bean author of the retraction, 
‘Our related Science Report on the COT reg 
this Retraction. In this paper, TH. was involved in the construction and analysis. 
experiments reported in the Supporting Online Material, These da 


is not affected by 
the PCENL 


have been reevaluated and 


Found to be correctly reported 
HENRIK BOHLENIUS,% SVEN ERIKSSON,” FRANCOIS PARCY,® OVE NILSSON 


umd Plat Science Centre, Department of Forest Genetics and Plant Phy 
cs, SE90183 Uned, Sweden “Laboratoite de Physiologie Celluive Ve 
elluaies (OROCIPCV, Unite Mite de Recherche ST6B [(UMR) Jott Research Unit. Centre Nati 
Scentiique (CNRS), Commissariat Energhe Atmique (EA), lestitut National de Ua Rech 
Universit Joseph Faure, 27 ve des Marys, batiment C2-3805, Grenable Cedex 9, France 


Dipaiemert Riporve et Dynamique 
RA, 
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AThank You from 
Tulane University 


IT HAS BEEN 19 MONTHS SINCE HURRICANE 
Katrina slammed into the Louistana coastline. 
12 widespread destruction and prolonged 


wu we received both durin; 
sand after the storm. Many in 


tutions advised 
ty, with a par 


Alli 


usand hosted our research fi 
lar 
South Texas Health Sciences Cen 
tions (Baylor College of Medicine, University 
of Texas Health Science Center at Houston, 
Texas A&M Health Science Center School 
a vibrant competitive research of Medicine, University of Texas Medical 
At Tulane University, we have Branch at Galveston). 
1 Weoweas 
at the National Insti 


flooding in New Orleans. Gulf Coast in 
tinue wo deal with the aftermath o 


hurricane, bu 
reestablishin; 
‘community 


experienced a level of rebound and n 
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(NIH) and the National Science Foundation 


¢NSF) for their unwavering moral and fiscal 


support at our time of greatest need. Within 
a 

senior administrators at the NIH, including 
Director Elias Zerhouni and Deputy Director 
Norka Ruiz-Bravo, and at the NSF, Director 
Arden Bement and Deputy Director Kathie 
Olsen, Both, 


, communication was established with 


cncies established points of con. 
ress our needs, 
Five senior NIH officials visited Tulane Uni 


versity and other severely affected institutions 


“The swift and effective 
response of the academic 
community and government 
agencies made it possible 
preserve much of the 
mpetitive research 
enterprise at Tulane and 
provided moral support 

for their colleagues in 

New Orleans 


—Levy 


in March 2006 o assess the effectiveness ofthe 
NIH response. A site visit by Bement in April 
2006 was also Very meaningful, as were the 


many Katrina-related supplements provided to 
NIH and NSF grantees at affected institutions. 
Finally, we are very grateful wo the US, Office 
of Science and Technology Policy and the 
Office of Management and Budget, which 
issued a Joint Announcement soon after the 
storm establishing special procedures for af 
fected institutions, including extensions of appli 


ing require 
The swift and effective response of the 


academic community and government 


ccies made it possible to preserve much of the 
competitive research enterprise at Tulane and 
pr 


in New Orles 


ided moral support for their colleagues, 


LAURAS. LEVY 


Professor of Microbiology and immunology, Asso 
Senior Vice President for Research, Tulane Univesity, 
Orleans, LA 70112-2709, USA 
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Astrobiology and Missions 
at NASA 


IN HIS NEWS FOCUS ARTICLE ‘ASTROBIOLOGY 
fights for is life” (19 Jan..p. 318). A. Lawler 
describes NASA\s astrobiology program as 
largely disconnected from its spaceflight 
missions, But recent competitions paint dit 
ferent picture. For example, Bruce Jakosky, 
the Principal Investigator (PI) of the Mars 
Atmosphere and Volatile Evolution mission 
(MAVEN), one of two candidates for the next 
Mars Scout, is also the PI of the NASA 
Astrobiology Institute's (NAT) University of 
Colorado team. MAVEN would study atm 
spheric ape from Mars to understand, 
‘what effect atmospheric evolution has had on 
the planet’ climate and habitability 
that one piece ofthe puzzle into the langer co 
text of the planet's biological potential. The 
NAI stimulates this kind of integrative thin 
ing by bringing together broad, multidiscipli- 
‘ary groups of scientists Who might not oth 
wise have the opportunity to work together 
and Jearn how to contribute to each other's 
research, MAVEN is an example of what can 
grow from this fertile ground, 

‘The Mars Scout selections included two 
instrument development efforts for ESAS. 
ExoMars mission, both of which are direct 
products of the NASA Astrobiology pr 
gram. In addition, two PI instruments on 
the 2009 Mars Science Laboratory (MSL) 
received Astrobiology support to enable their 
selection for flight, NAL current and former 
Pls and Co-Investigators are centrally in- 
volved in operations and science analysis 
for the Mars Exploration Rovers, Spirit and 
Opportunity 

The NAT also contributes to future mis- 
sions through Focus Groups that mobilize 
expertise from across the Institute and the 
wider scientific community. The Mars Focus 
Group bewan by playing a seminal role in 
restructuring the Mars Program after the 
loss of NASA missions launched in 1998, It 
accomplished this by organizing astrobioloy 
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‘community input to NASA's Mars Explor 
ation Program Analysis Group (MEPAG). 
‘Two NAI Pls have served as MEPAG Chair. 
The NAI Europaand Titan Focus Groups have 
so provided input to mission planners study- 
ing those opportunities, and the Astronomy 
Focus Group has provided an analysis of the 
istrobiology potential of the James Webb 
‘Space Telescope. Rather than being discon- 
nected from NASA flight opportunities, astro- 
biology objectives and the astrobiology com- 
‘munity are repeatedly found at the heart of 
NASAsmissions. 


CARL B. PILCHER 


Diveor, NASA Asvobilogy Iie, NASA Ames Research 
enter, Motte Fed, CA 94035, USA 


Oocyte Donation for 
Stem Cell Research 


THE NEWLY ISSUED INTERNATIONAL SOCIETY 
for Stem Cell Research (ISSCR) guidelines 
for human embryonic stem cell research (G. 
Q, Daley er af., Policy Forum, 2 Feb.,p. 603) 
include worthy goals and lo 
bout truth and transparency 
research, disset 


n of research 
on just and r 


sonable 
and discussion of enhancing the 


terms, 
informe 


‘consent process for the p¥ 
‘ment of tissues and yametes (), 

But the wild in fact weaken 
important ethical standards that have already 
been established, We are particularly con- 
cemed about the recommendation that deci 
sions about paying women for their eges should 
be left to mostly local oversight committees 

This is a complex social and ethical ques- 
tion. Many who have examined the issue 
closely, including ourselves, have concluded 
that researchers should compensite women 
ly for their direct expenses, to avoid induc- 
ing economically vulnerable women to accept 
the significant risks of egg retrieval when they 
would not otherwise be willing to do so. 
This perspective has been adopted as law in 
California and a number of countries, and itis, 
recommended in the LIS. National Academies 
guidelines, In other words, the ISSCR is now 


abdicate their role to protect the health and 
safety of women in favor of a patchwork of 
inconsistent and opaque decisions made by 
local committees. 

Members of the ISSCR group justify 
‘weakening the rules on egg procurement by 
citing “cultural and political differences” (2), 
This is an unhelpful relativism that could all 
too easily endorse a kind of “tissue tourism.” 
in which researchersarrangeto obtain women's 


e2gs wherever the rules are most lax, 
This prospect, and emerging 
esamong standards for stem cell research, 
point to the need for binding rules to ensure 
that stem cell and other biotechnologies are 
developed and used in ways that truly support, 
rather than actually undermine, health and 
well-being 
MARCY DARNOVSKY’ AND SUSAN BERKE FOGEL? 
“enter for Genetics and Society, 436 14th Street, Sule 
700, Oabland, CA 94612, USA. Pro-Choice Aliance for 
Resgonsibe Research, Los Angeles, A91401, USA 
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AS EVIDENCED BY THE POLICY FORUM "THE 
ISSCR guidelines for human embryonic stem 
cell research” (G. Q. Daley ef al., 2 Feb., 
1. 603), countries with public policies on the 
donation of surplus embryos for stem cell 
research browally agree on the need fora fully 
informed consent and the avoidance of conflicts 
of interest, Quality assurance, therapeutic pur= 
pose, transparency, confidentiality, traceability, 
and ethies review are also common round. 
However. there is less aureement regarding the 
retrieval and use of human oocytes for stem cell 
research. The recently release ISSCR guide- 
Fines tempt to fill this gap, but, inanattempt to 
ach consensus, it resorted toa vague, unclari- 
fied prohibition of “undue inducement” regard 
ing compensation of oocyte donors, 

The use of financial incentives to obtain 
human ooeytes to be used in stem cell re 
ch is a contentious issue. Are - 
ing women vendors, providers, or donors 
That depends on the type of compensation, 
Currently, there are five models of compensa- 
tion: free market, pure gift, fixed compensa 
tion, minimum wage, and reimbursement of 
expenses. The free-market model is likely to 
prevail in the absence of sufficient debate and 
decision-making by governmental authorities 
around the world, Its obvious advantage isthe 
high rate of recruitment given the increasing 
scareity of access to human oocytes. Yet, this 
approach can result in commodification, 
undue inducement (if not coercion of the 
vulnerable), and commercialization. At the 
‘opposite extreme isan altruistic wif, which is, 
likely to be rare, considering the invasive pro- 
ceches involved and the unknown long-term 
health risks of ovarian hyperstimulation. 

International debate is sorely lacking for 
the other three models. The fixed compen- 
sation model provides for a standardized 
amount irrespective of the financial costs to 
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the donor, socioeconomic status (ie. need). 
or time and inconvenience. This mode! pre- 
Vents monetary inducements as & primary 
‘motivation and minimizes financial loss to 
the donors, but ignores individual expenses. 
Although arbitrary. thas the advantage of eer- 
tainty and, in a societal sense, fairness. The 
minimum-wage approach takes into account 
the number of hours donated. Inall likelihood, 
providing a minimum wage would result in 3 
higher rate of payment than the fixed com- 
pensation model, Reimbursement of expenses 
seems to be a more individually tailored ap- 
proach, This depends, however, on whether 
reimbursement is for inconvenien 
pain, and discomfort, or is limited to actual 
receipted expenses such as travel, lod 
parking, meals, andl dayeare. Thereare fimited 
incentives for donors and, in practice, the 
administrative proof required is burdensome, 
A narrower receipted expenses-only poli 
‘will in the long term further reduce the avail- 
ability of these materials, This could result in 
commercial importation or a black market. 
Some would see the current “exceptional 
case in the UK. of egg donation for research 
inexchange for access to fertility treatment as 
a Variation of the reimbursement model, This 
approach, however, is akin to providing aecess 
to drugs or treatments in clinical trialy and 
does not parallel the healthy volunteer guide~ 
lines in international guidelines for biomed- 
ieal research, 

Perhaps a more equitable solution would 
be to develop a mixed model in which a 
standard amount of compenssition would be 
determined by a competent authority, but 


‘would also include reimbursement for time 
and effort expended for procurement, Were 
such an approach to be adopted internation- 
ally, the additional issue of forum shopping 
(selecting a procurement site on the basis of 
the particular laws in effect there) may be 
lessened. The International Stem Cell Forum 
Ethics Working Party maintains that this 
approach respects altruism and solidarity 
‘The amount will still largely remain a sym- 
bolic recognition of the true value of such 
participation in stem cell research. It pro- 
vides a feasible solution to an issue that 
needs to be examined within the lang 
text of the participation in and ethical over- 
sight of biomedical research, 
FOR THE INTERNATIONAL, 
‘STEM CELL FORUM ETHICS WORKING PARTY: 
‘BARTHA MARIA KNOPPERS, MICHEL REVEL? 
‘GENEVRA RICHARDSON, JOSEF KURE* 
SALA LOTIONEN, ROSARIO ISAS? 
ALEXANDRE MAURON,* JAN WAHLSTROM,?” 
'BRACHA RAGER,* PENG LEE HIN PENG? 
centre de. Recherche en OroK Public, Université de 
Montreal, Mortveal, OC H3C 317, Canada. "Weismann 
Insite of Science, frvsalem ae. Scho Lam King’ 
College London. Londen. UK. ‘Universty Centre 
Biothcs. Masaryk University, Bro, Cech Republic 
"Watioval Advisory Board on Reseach Ethic. Henk, 
Finland Snstiut 6'Ethique Biomédiale, University of 
Geneva, Geneva, Switzeland. Unversity of Gotherbura, 
Gothenburg Sweden "en Gurion Univenity, Ber Seva, 
rae "atonal Bioethics Commitee. Singapore. 


Response 
DARNOVSKY AND FOGEL RAISE APPROPRIATE 
‘concems that oocyte donation should not fall 
disproportionately on economically vulner- 
able women and that research guidelines 
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should prohibit “issue tourism.” The ISSCR 
guidelines direetly address these concerns, 
The introduction to section 11 (“Procurement 
‘of materials”) clearly states: “Consistent with 
‘well-established principles of justice in hu= 
‘man subject research, there must be a reason 
able relationship between those from whom 
such materials are received and the popula 
tions most likely to benefit from the research.” 
and section 13h eads: “There must be mon- 
itoring of recruitment practices to ensure that 
1n0 vulnerable populations, for example, eco- 
nomically disadvantaged women, are dispro- 
portionately encouraged to participate as 
‘oocyte providers for research.” 

Furthermore, the guidelines articulate the 
core principle that there be a “rigorous review 
to ensure that reimbursement of direct ex 
ppenses or financial considerations of any kind 
do not constitute an undue induceme 
Research that is subject to a rigorous oversight 
process the local. regional or national evel 
as stipulated in the ISSCR guidelines—and 
conducted in accordance with these guiding 
Principles willavoid the exploitation of women 
that isourshared concern, 

The Letter from the Ethies Working Party 
(EWP) of the International Stem Cell Forum 
acknowledges that women should be fret 
from “undue inducement” when making 
decisions regarding the donation af oovytes 
for research, and outlines a proposal that 
if approved through a rigorous process of 
review and subject to appropriate oversight 
‘would be consistent with ISSCR guidelines, 
‘The EWP Letter correctly highlights the dif 
ficulties in defining what c 
able expenses and the need to guard against 
the disproportionate recruitment of economi- 
cally disadvantaged women, and illustrates 
the complexity of the deliberations required 
{w arrive at a reasonable policy for engaging 
‘women in research, 

The ISSCR task force comprised scientists, 
ethicists, and legal experts from 14 countries. 
Despite the inevitable political, cultural, and 
religious differences that shape research policy 
internationally, our task foree reached consen- 
sus on guiding principles for the conduct of 
‘human embryonic stem cell research, The eth- 
‘cal principles pertaining to oocyte donation 
are particularly challenging and continue to 
prompt debate and inquiry. The ISSCR guide- 
lines encourage an open and ongoing dialogue 
concerning ethical procurement of human 
‘materials for stem cell research, and will be 
subject to review and refinement as more 
information becomes available, 

‘GEORGE 0. DALEY 


hai ISSCR Guidelines Tak Force, and Children's Hospital, 
Boston, MAG2315, USA. 
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DEVELOPMENTAL BIOLOGY 


An Intelligent Primer 


‘Nipam H. Patel 


ost scientific disciplines have 
\ ,Y, niergone remarkable advances in 
the past few decades, the field of 


developmental biology has seen truly astonish- 
ing progress. In her book Coming to Life: 
How Genes Drive Development, Cheistiane 
Nisslein-Volhard offers a very accessible 
whirhwind tour of what modern developmental 
biology has taught us about the way in which a 
fertilized egg becomes complex organism. In 
just under 150 pages, the reader is treated to a 
primer on genetics and molecularanl cel bio 
ogy; an overview of the development of the 
fruit fly Drosophila melanogaster: summary 
ofthe general principles of vertebrate develop- 
ment: and, lastly, a concise presentation of 
some of th challenges that our ad- 
Vunces have ereated. From a scientific pe 
spective, Nisslein-Vothard is eminently quali- 
fied for the task, having been at the Forefront 
of the discipline for many years and st 
the 1995 Nobel Prize for Med- 

icine. However, not all ereat se 
tists are endowed with the itt to 
ily. especially 
a way that is understandable 10 a 


The field of developmental 
biology has its outstanding text- 
books: the comprehensive stan- 
dard of Scott Gilbert (/) and the 
elegantly organized volume of 
Lewis Wolpert and colleagues 
(2) immediately spring to mind. 
There have been, however, Fel 
tively few attempts to present the 
topic to a general audience, The 
recent popular work of 
Carroll (3) menges developmer 
tal biology with evolution and 
tory in an extremely appealing manner, but 
here Nasstein-Volhard maintains an unwa- 
tive designed to crystallize the 
concepts and breakthroughs of develop- 
mental biology 

A sizable portion of the book focuses on 
the embryonic development of Drosophila, 2 


The reviewer is inthe Department of integrative Bology, 
the Department of Malecular Cell Biology, and the 
Howard Hughes. Medical Institute, University of 
Galleria, Berkeley, CA 94720-3140, USA. E-mail: 
sipam@ucinkberkeleyedy 


long involvement in 
making this insect one of the 
premier model systems for 
developmental genetic anal- 
ysis. We now know so much 
about the various steps of 
Drosophila pattern forn 
that even experts on the topic can become 
overwhelmed by the details, but in this book 
II that is stripped away and the reader is pre- 
sented with the important principles that have 
sd. The focus on distilling information 
comes across very prominently in the design 
of the book's figures—all $$ hand drawn by 
the author, Whereas multicolor confocal 
roarray data. and wiring diagrams 

iquitous in 


cutting-edge papers of the field, they are 
in shades of 


replaced hereby 
gray and red that communicate 


eed PAS NO OA 


Simple and effective. The authors figures, such as this diagram ol the production 
ol transgenic Drosophila, help the reader to easily understand key concepts. 


important points. The purpose of each figure 
isimmediately obvious, and readers will never 
be stuck trying to decipher an illustration 
Afier going ono givea series of brief pre- 
sentations that outline signaling pathways 
and the forces that drive morphogenesis, 
Naisslein-Volhand then offers an overview of 
vertebrate development. Building on the 
foundation established in the chapters on 
Drosophila. she provi 
the experimental approaches to and criti 
findings from frog, chick, mouse, and zebra- 
fish development. Again, the simple illustra- 
tions help guide the reader through relatively 


ssa succinct survey of 


iencemag.org 


Coming to Lite 


by Christiane Nésslein-Volhard 


complex topics. Most important, the direct 
‘allthis research to understanding. 
human development and health is made 
abundantly clear 
In places, the conciseness of the account 
may frustrate 
who are already well- 
versed in developmental 
biology given that the 
imes leads 
: to simplifications that 
are not accurate in all re= 
speets. Anyone who hits 
had 10 give a public lec- 
ture on theirarea of expertise knows that such 
problems are almost unavoidable, Laypeople 
ists from outside the field of biology 
excited by this book, however, will undoubt- 
edly pursue more detaile 
Some of the book's most interesting 
insights come from the author's forays in 
the final chapter, “Current Topics.” There, 
Nasslein-Volhard treats readers to brief dis 
‘courses on mattery stich as cloning, designer 
babies, gene therapy. and human embryonic 


brevity som 


stem cells, Although her explanations of the 
complexity of the debates surrounding these 
issues will appeal to all, the 


author makes it clear that she 
holds unambiguous opinions in 
some of these controversies, For 
example, she provides an inter 
esting summary of how laws 
regarding research on human 
nbryonic 

among countries and points out 
the irony in this: “It seems 
morally questionable to profit 
from research performed in 
other countries, which is: not 
permited in one's own county, 
is already happening in the 
we of IVF [in vitto fertiliza- 
tion)" By going to the effort of 
actually educating readers with 
Coming Lif. Nisslein-Volhan 
in then make these sorts of 
way that appeals to her aui- 
ence’ intelligence, Such education of and 
respect for the public is vital to making 

pressing issues that fi 


stem cells vary 


Fo 
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ENVIRONMENT 


The Burning Issue 


David J. Lohman, David Bickford, Navjot S. Sodhi 


he international commu- 4500 
| nity has failed repeatedly 
to prevent lanze-seale envi- 


ronmental catastrophes driven by 
perverse land-use practices in the 
tropies. Haze pollution in South- 
ast Asia is an example that has 
immediate and long-term ni 
consequences. 

The use of fire to clear land 
is entrenched in many Southeast 
Asian cultures (/), and large com 
‘mercial tree plantations—particu- 
larly in Indonesia and East Maly 
sia-—have begun burning on an 
enormous seal (2). The resulting 
sintoke, oF “have. from hundreds 
ofsimutiancous fires spreadsieross 
the region in the intermonsoonal 
dry season, fin 
Fires set tock 
of control, particularly during Eb 
Nifo years, and consume lange 
swaths of forest damaged by log~ 
sing. These exact high toll on this 
hotspot’ biodiversity (2, 2). Dur- 
ing the last El Nie in 1997-98, 
fires consumed over 8 million he 
tares on Borneo ara! Sumatra, blanketing more 
than 3 million km? and 70 million people 
in haze (2, 4, 5), Material damage estimates 
ranged from USS4.4 to $9.7 billion (2, 4 (see 
figure, above right): CO, and soot liberated 
from burning peat and biomass released an 
estimated 0.81 10 2.57 wigatons of earbon into 
the atmosphere (6). In addition to increasing 
hospital admissions throughout the region, un 
healthy haze conditions increased mortality in 
Malaysia and lowered infant and fetal survival 
in Indonesia (7,8) 


om in USS milton) 


ions 


& 


countries res 


icy wasratified by the Association of Southeast 
Asian Nations(ASEAN)in 1999(4, 9, Although 
‘many Malaysian plantations have stopped 
using fire (4), reappearing haze over Southeast 
Asia every year, including 2006, indicates that 
farmers throughout the region and plantations 
in Indonesia ignore the ban. Given the social 
and economic complexity of the annual haze 
problem, there will be no easy solution, but we 


‘The authors are inthe Department of Biological Scences, 
National Univesty of Singapore, Singapore 117543;emait 
lohmanonus.edu sg (D).) or dbase. esq (55) 
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hits 


SPELLS 


Ae La ” 


Effects of smoky haze. Estimated damage in Indonesia and other 


sulting {rom the haze episode exacerbated by the 


1997~98 El Nifio (23). The shroud of haze from July 2001 fires can 
be seen inthe background satelite image. 


highlight several priorities beh 

Concentrate on “dirty fires.” To minimize 
the greenhouse gases and pollution associated 
es, preventing and extinguishing “dirty 

from peat and green vegetation, which 
release more CO, and soot than dried biomass, 
pull yet highest priority (10). 
Coordinate fire-fighting efforts. The 1998 
ASEAN Agreement on Transboundary Haze 
Pollution calls for establishing a coordinating 
‘center for battling haze. which has not been for- 
‘mally constituted because Indonesia has not ye 
ied the agreement, Streamlining govern- 
mental procedures for handling fires may 
speed response 

Provide incentives to stop burning. 
ancial incentives could be provided to districts 
‘or villages that have policed themselves and 
have avoided burning during hazandous cond 
tions. Stronger incentives for corporations that 
clear land for plantations, might include pay- 
ment of up-front deposits or mandatory “no- 
fire insurance” (10), 

Provide alternatives to burning. Fire will 
always be the cheapest method to clear land 
in the tropics Intemational aidagencies should 
focuson providing infrastructure and hardware 


Neither governments nor civil society have 
been able to mitigate the annual shroud of 
hhaze that blankets Southeast Asia. 


needed to clear land without fire 

Teach environmental management. Etloris 
should he made to educate local farmers on the 
‘medical, environmental, and political ramifica- 
tions of burning, along with akemate methods 
‘of land clearing. Volunteer onginizations such 
asthe US, Peace Corps could help stop fires on 
the ground and teach rural communities about 
alternatives to fire. 

Neither the Indonesian government nor 
regional ASEAN pressure have been able 10 
stop the haze (/0, 11). Ongoing efforts by the 
Forest and Agriculture Organization of the 
United Nations (9), including a revent meeting 
‘on sustainable forest management and a work= 
}op in Indonesia to train communit 
fire munagers, can address the problems both 
govemmental andl community levels, Inaddi- 
tion, the United Nations or the World Bank 
«could help generate needed finndsthnough debt- 
for-nature swap or carbon eredit-offset funds, 

Solutions to the haze problem are needed 
before the onset of the dry season in June, as 
2007 may beanother EI Ni year(/2), Lessons 
Icarned from this catastrophe may help amelio- 
rate similar smoke-haze episodes in Amazon, 
Afi, and other parts of Asia, 


References and Notes 

1 G6, Marten 4, Poatonl Agito Southeost 
‘Ase: A Human Ecology Peripectve (Westen Pres, 
Bolder, 0, 1986). 

2. CV. Baber Shell, a by Be: Foret Fe ond 
Fees Pek in ndonei' of Crs and Re} 
‘Word Resources tte, Washington,DC, 200), 

3. ML sien 1G OBrien, Cones, Bk 12, 954 (1998, 

4 lowe Jesup, ds, indonesia’ Pres and Haze The 
esto otestope Urterational Development Resexth 

Center an the insta o Sutheas Asan States, 

‘Ottawa and Singapore, 1999) 

IL Mh Amos. Eeion. 3, 1209 1997), 

SE Pageeto, Notre 420, 6 (2003), 

5 Jyachadra, “At quality an intnt moray during 

Indonesia's sive wie 01997" Teh report ne 

195, BREAD; Bureau fr Research in ona Analysis ot 

evelopment, Cambridge, MA, 205). 

1 Saan, Demography 39,1 (200), 

9, UN. Food and Agrcltur Organization AO) Fre Mar- 

‘gement—Clobo Acessment 2006 FAO, Rae 2007), 

Byron, Agi Ent Ervin. 104, 57 2004). 

Lich Amos. Environ. 32,3917 (1998), 

oonymous “2007: Year of Mio have,” Sots 

Ties, rua 2007, p24 

{UP Tomi, DE Thomas,M. van Noor, Api 

eat. Enwon. 108, 29 (2000), 

‘Gear .154-000270-112lromthe Singapore Minty 

duction supported the ata, 


‘Supporting Online materat 
sem inncemag rp egcontervhl/3105 82337 001 


wo.n26hcence 1140278 


wwrw.sciencemag.org, 


; 
i 
3 
i 
j 
i 
i 
i 
a 
i 
i 


PLANT SCIENCE 


SCARECROWSs at the Border 


Liam Dolan 
1 important process during the devel 
opment of multicellular organisms is 
the laying down of boundaries be 


oups of different cell types, The emer: 
gence of’such borderlines usually requires 


the boundary to communicate 


neither side 
with each other. In many ong 


from one cell 
group to another, eliciting responses that resul 


in two distinet cell populations, In plants, 3 


small number of proteins that control develop: 
ment move from 
that of neighboring cells, In a 
421 of this issue, Cui er 


describe 


restricts the movement of 
uch mobile protein between wo 
adjacent 

roots, This may con: 


soups of cells in plant 
iutea general 
means by which multicellular o 


tissue boundaries 

In the plant Arabidopsis 
fiana, SHORTROOT (SHR) i 
GRAS family anscriptional regu: 


of a single cell from its cell of 
). How is SHR movement 
restricted to this distance? It was 
hown that SHR. pro- 


called SCARECROW (SCR) | 
Touche, SHiRand SCR postive 


regulate development of the endo 


dermis and cortical tissue from a 
common set of stem cells. In add 
tion, SHR moves from the stele int 
ntrol SCR expressi 


dermis to positively o 

The mode! proposed by Cui e 
Why SHR protein moves no farther than 
cll layer. Once transported to an endodermal 


1, explains 


unknown mechanism 


cell (by a currently 
SHR binds to SCR, forming 

ally active complex that ean 1 
from cell to cell, This complex, lox 


The autor isin the Department of Clland Developmental 
Biology, Jon Ines Cente, Norwich NRA TUH, UK. E-mail: 
Aiamadolangbbsre ack 


tes the 
on of more SCR, which in turn, tr 
mobile SHR pe 


nucleus, then positively regul 


he endodermal c 


feedback mechanism 
SCR production in response toSHR 
SHR the 


may account for the formation of a stele sur 


rounded by a single layer of endodermisin the 
Perhaps t 
‘sthetstofthismodl 


moste of this report 


ly engineered plants w 


pression of SCR (SCR-ktx 


Although the SCR-knockdown pl 
mulate less of the SHR-t 
(SCR) relative to normal 


thould be insufficient to bind all of the 
ing SHR protein. C 
nontrapped SHR could pe 
of endoder 
of the 


jgvering the develop- 
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The trapping of a diffusible regulatory protein 
by its binding par central component 
in the development of a structure in plants that 
has the thickness of a single cell 


tu 
\was previously shown that ectopic expression 
SHR induces the development of 


uupern 
merary endodermal layers (3), Indeed, Cui er 


i. found that plants with less SCR protein 


Jevelop supernumerary layers of endodermis, 
consistent with the model that SCR restricts 
the mobility of SHR toa sin 

The proposed positive feedback loop that 
SCR to trap SHR in the 
endodermal cell requires an initial develop. 


Je layer of cells 


rental state in which there 
a low background level 


SCR expression in the 
endodermis, although there 
is no direct evidence for 
this yet, It also requires 
of SHR 
inthe stele, which has been 
shown (3), The model of 
Cui eral 


stabilizing of these fields 


accounts for the 


of expression with defined. 
constant boundries and the 
development ofa single layer of 
endodermis, The characterization of 


the signaling network that leads to these initial 


statesof thet 
be fleshed out. 
The Cui ef al, results s 


ind distance of movement of 


gest that cont 


tercellular regulators is determined by the 
I distribution of their binding partners. I 


pa 
ment of other plant proteins, such as the tran- 
inal regulators CAPRICE (in the root 
epidermis) and KNOTTED /SHOOT MERI 
STEMLESS (in the shoot apical meristem) 


(5. 6), is determined by the presence of a bint 
partner in the cell to which the regulate 


moves. In principle, the same mechanism 


could operate during animal development 


in which transcriptional regulators such as 
chick Engrailed: 


Whereas chick Engrailed? protein moves 


move from cell to cell (7), 


in which it is synthesized to its 


tion and reuptake 


ism, itis unclear how plant proteins 
are moving from cell to cell, 

Cuiet 
mechanism of endodermal boundary forma- 


1 also suggest that their proposed 


may be conserved through evolution, 
of SCR and SHR 
sve similar expression patterns, The endoxler= 


because the rive ortholo; 
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mis of most land plants is uniseriate (compris- 
ing one layer) and if SHR and SCR orthologs 
control development in these species, this 
‘mechanism may have evolved early inthe his- 
tory of land plants, But there are some rire 
exceptions, Forexampke, extant members ofthe 
Equisetales (horsetails), whose forebears were 
eis forests 300 
rmllion years ago, have two layers of endoer- 
‘mis in some onzans (8). These horsetails have 
apparently tinkered with their SCR and SHR 
genes 10 allow SHR to escape the elutehes of 
'SCR in the first endodermal layer, thus extend= 
ing the endodermis to further layers. 

‘Why is the structure of a single-layered 
endodermis so conserved across most land 


plants? Autotrophic plants rely on the uptake 
of nutrients and water from the soil, so tight 
spatial regulation of endodermal development 
reflects its significance. The endodermis is 
highly specialized in that imercellular spaces 
between the cells are sealed, prohibiting the 
free diffusion of water and ions through 
the interstices. If water and ions are to pass 
throuigh this roadblock, they must do so in a 
regulated manner, via the eytoplasm of endo- 
dermal cells, This affords strict control over 
transport and may well have provided a sur- 
vival advantage—the highest level of control 
overaspecialized tissue of ery limited size. If 
so. this discovery may explain the evolution of 
a tightly regutated developmental program in 


angiosperms (flowering plants) andl also points 
to changes in developmental programs that 
‘may have occurred during the past 470 million 
years of land plant evolution, 
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GEOCHEMISTRY 


Food for a Volcanic Diet 


‘oleanie eruptions have the power to 
\ ] reshape Fanh’s landscape, alter climate, 
and affect life. To understand how this 
‘works requires that we go deep into the Earth to 
learn exactly what kind of rock melts to pro- 
dice magmas and the chemistry of this source 
tock. These are fundamental problems in geo!- 
‘ogy. they are also among the most difficult 
to understand. On page 412 in this issue. 
Sobolev et al.(/) deseribe a method for identi- 
fying some of these source rocks. We can think 
of them as food for volcanoes in the sense that 
they melt to provide the magmas that can erupt 
to the surface, To understand what Sobolev er 
al, have done and the ramifications that 20 
beyond Earth science, we need to start with a 
refresher in geology. 
arth’s mantle consists mostly of peridotite, 
sarock richin the mineral olivine (Mg.Fe),SiOg 
When peridotite partially melts, the liquids 
collect to magmas that rise to the crust, give off 
szases like SO,, CO, and H,O,and solidify to 
basalt, a rock rich in the minerals elino- 
pyroxene [Ca( Mg. Fe)Si,O,] and plagioclase 
[(CaNaAl, ,Si, ) Og) Portions ofthese outer 
layers can be reeyeled back into the manthe at 
subduction zones and below thickened co 
nents (see the figure). The recycled basaltic 
crustistransformedto anew rock called pyrox 
enite, so-called because it istich in elinopyron- 
ene, Itmay pile up on Earth's core, or be mixed! 
back into the mantle with structures that have 
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Chemical analyses of lava can now reveal the 
nature of the rocks deep in the Earth that 
‘melted and rose to generate specific volcanoes, 


Oceanic lands Oceanic 


Models of Earth’s crust and mantle. Oceanic crust (brown is solidified liquid that forms by partial melting 
‘of mantle peridotite (green) at oceanic ridges: together wth sediment, oceanic crust can be recycled back inlo 
the mantle at subduction zones (2, 3, 6). Continental crust (brown) forms at subduction zones and can be 
recycled when it thickens by delamination (5,25). All crust (brown) is translormed to pyroxenite (brown) 
when recycled. Geen arrow denotes melting perdotite. Red arrow denotes melting pyroxenite. Recycled crust 
‘may be distributed uniformly throughout the mantle, or it may be concentrated in certain hemispheres oF 
depths. Crustal thickness fs exaggerated for clarity, but ranges rom ~6 to 40 km atthe present time, 
Recycling is expected to reduce crust to dimensions ranging from micrometers to kilometers. 


been described as marble cake (2), plum pud- 
dling (3), spaghetti (4), and gumbo (5) (see the 
figure). Volcanoes like those of Hawai can melt 
from source rocks consisting of peridotite 
and/or pyroxene from recycled crust. Sobolev 
etal describe.a method for identifying this rock 
based on the chemistry of lnasion volcanoes. 
Sobolev etal, determined that many volea- 
noes melted from recycled crust. conclusion 
that is not new (6). However, there has always 
been some ambiguity with past methods of 
identifying recycled crust hasedon the isotope 


and trace-element geochemistry of lavasat the 
surface. New interpretations suggest that 
many oceanic islands melted from mantle 
peridotite that had been modified by melts 
that flowed through it (7, 8), a process calle 
metasomatism (9). Because it makes no dif 
ferenceto an atom of lanthanum, for example, 
‘whether it ends up concentrated in the enist or 
as metasomatized peridotite, using it as a 
tracer ean beambiguousand nonunique 7,8) 

‘A breakthrough came when Sobolev ef al. 
(10) showed that the nickel contents of many 
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olivine crystals in Hawaiian lavas were higher 
than those expected from melts of peridotite, 
and they preferred to explain this witha ree 
led crust source instead, Buta lingering ambi- 
‘2uity is that a high nickel content in olivine; 
also arise when peridotite is enriched in pyrox- 
‘ene by melt-rock reaction (/7). Supporting 
evidence for the reeycled-crust interpretation 
(0) comes from the calcium contents of the 
lavas, which are too low w be easily 
sd by melting peridotite (2). Nickel 
and calcium are therefore telling the same 
story. That i, the main shield-building lavas at 
Hawai were melted from a pyroxenite source 
rock that required the involvement of recycled 
crust ats proposed by Soboley et a. (10). The 
authors go further in that they examine the 
problem that arises when nickel, calcium, and 
manganese are used, and they extend the 
analysis to a tanger population of volcanoes. 
Their results, together with other recent studies 
(7.8 1). show that itis unlikely that a single 
rock type will be an appropriate source for 
all oceanie volcanoes. For example, recycled 


crust is an important source rock for the 
Hawaiian islands (1, 10, 12), whereas metaso- 
‘matized peridotite is the source rock for the 
‘Cook islands (7). An outstanding question is 
whether peridotite sources become metaso- 
rmatized by melted recycled crust (/3) or in 
some other way (7.8). 

Future studies might allow us to transform 
‘our picture from hypothetical models to 
actual three-dimensional views showing the 
size and distribution of recycled crust in the 
rvantle. The implications go far beyond reo! 
ogy. For example, it may be no surprise that 
Soboley et al.(/) wentify pyroxenite as the 
rock that melted to produce the Siberian 
Traps. This was a magmatic flood on land so 
massive in seale that it triggered the largest 
mass extinction of life on Earth, some 2 
million years ago (/4). Although the exact 
‘causal links remain poorly understood in detail, 
‘one can reasonably imagine a different out- 
‘come if the mantle diet had less pyroxenite 
and more peridotite. Under these eircum- 
stances, fess magma would have been pro- 
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‘duced and made available for eruptive flood- 
ing. and Earth’s biosphere could have evolved 
along different pathways, 
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BIOCHEMISTRY 


An Ancient and Intimate 


Partnership 


Carrie M. Wilmot 


re the evolution of photosynthesis 
Boiss se ae 
sphere was reducing, and iron was 

‘mainly in its Fe( {1 oxidation state, The abun- 
dint Fe(I1) soaked up the early molecular oxy 
aon generated by photosynthesis. Complex 
‘multicethiar organisms could not evolve until 
substantial amounts of oxygen became avail- 
ble in Earth’ atmosphere ~2 billion yearsago, 
‘Then the tables were turned: € 


efficiency of metabolic energy generation. 

‘Two reports inthis issue highlight the bio- 
logical intimacy of the relation between Fe( I) 
and dioxygen. On page 453, Kovaleva and 
Lipscomb (/) show how anenzyme fine-tunes 
the properties of Feil) to activate O,, thereby 
enabling the oxidation of aromatic diols in a 
four-electron metabolic process. However. the 
by-products of molecular oxygen reduction 
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can be highly toxic and need to be removed 
rapidly. On page 449, Katona et a (2) rewal 
details of how one enzyme helpsto remove the 
most toxic by-product, superoxide, by reduc- 
ing it to the less toxic hydrogen pero 

Kovaleva and Lipscomb report on the bac 
terial extradiol ring-cleaving dioxygenase. a 
key enzyme in the metabolic degradation of 
aromatic hydrocarbons introduced into soil by 
‘humans. The enzyme contains a mononuclear 
Feil) bound to two histidines and a carboxyl 
ate, a motif that has evolved several times 
in different enzymes that catalyze crucial 


Nonheme iron enzymes can catalyze a wide 
variety of chemical reactions. Two studies show 
‘how this versatility is achieved. 


chemistries in the synthesis of neurotransmit 
ters, antibiotics, and plant hormones (3). The 
authors added an inefficient substrate (with 
a slow conversion rate) to the erystallized 
enigyme in an O,epleted atmosphere. By rap= 
idly freezing the crystal, they were able to 
simultaneously trap three different steps in the 
catalyzed reaction. tron aets as a conduit t0 
enable electron density to move from the aro 
‘atic substrate to dioxyygen. This transfer ere- 
ates two reactive species: a supetoxo anda sub 
strate radical. The superoxo species is bound 
side-on to the ito, but the interaction is weak 


tron-dioxygen relationships. Mononuclear nonheme iron enzymes can accommodate a diverse range of 
geometries with substrates and dioxygen, as illustrated here by the trapped catalytic intermediates in an 
eatradiol ing-leaving dioxygenase (left and center) reported by Kovalera and Lipscomb and in superoxide 
reductase (ight reported by Katona eta. 
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becuse of steric crowing from the five other 
ligands to the metal (see the Figure, eft panel), 
In this arrangement, the superoxo is perfectly 
aligned to attack the substrate radical andl form 
the alkylperoxo intermediate (see the figure, 
center panel). Interestingly. the only ther ery 
tal structure of dioxygen in complex with 3 
‘mononuclear nonheme iron enzyme [a Rieshe 
dioxygenase, with oxygen most likely as 
a Fe(Ill}-peroxo species] also has dio 
‘bound side-on tothe iron (4), 

Katona et al, studied superoxide reductase, 
an enzyme that is found in a range of bacteria 
and archaea (5). Superoxide reductase converts 
superoxide (O,"") to hydrogen peroxide (H,0,) 
ina one-electron reduction. Reaetive oxygen 
species, such as 0," play a key role in human 
pathology sand aging, and their destruction by 
enzymes such as superoide reductase is there 
fore of great interest, Katona et al, freeze 
trapped several peroxide conformations with 
Fe(II) in aerystal ofan enzyme mutant that 
stabilizes the Fe(IIl)-peroxo. In contrast to 
the structures reported by Kovaleva et a. the 
ddioxygen is bound to the iron ens-on config 
‘ration (see the figure, right panel). 

‘The distinet names for the three oxidation 
states of dioxygen (molecular oxygen, super- 
ind peroride) focus attention on elec 
sler events, but sources andl transfer 
‘of two protons are also requined for the re 
tion from 0; to H,O,. The protons ean come 
from amino acids, cofactors, or water, and 
enzymes control the protonation steps in 
perfect synchrony with electron transfer, 
Although the iron-dioxygen structures pre~ 
sented by Katona ef af, are all Fe(1ID-peroxo 
species, they display three different end-on 
petoxide conformations through rotation on 
the Fe(II) pivot. thus linking the peroxide to 
‘water molecules and amino acids in the active 
site, The concerted movements of these ply- 
rs suggest possible proton transfer pathoways, 
and this study represents the most complete 
insight into protonation through rotation to 
date [see the movie in (2)} It should be noted 
that crystal structures of protei 
thigh enough resolution to directly 
ither oxidation or protonation states of chem 
ical groups, These are indirectly inferred from 
geometries coupled with chemical know- 
ledge, as in the study by Kovaleva and Lip- 
scomb. In the study by Katona er af. this 
uncertainty is removed through the use of 
Raman spectroscopy on the crystal, which 
directly confirms that only Fe(tIl)-peroxo 
species are present, Density functional theory 
calculations performed on the structures su 
gest that at least two are hydroperoxides, the 
singly protonated intermediate of peroxide 
ring its conversion to product H,0,. 
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Crystal packing played a crucial role in 
trapping these various species In both studies, 
the dita used to generate all the intermediates 
«came from a single crystal. In each case. there 
‘were four independent copies of the active site 
inthe basic crystal building block. enabling 
four different images of the active site to be 
observed simultaneously. The different speci 
in cach study manifested themselves in struc- 
tury distinct active sites. The reason why dif= 
ferent crystal packing environments stabilized 
different species is beyond the resolution of 
these data: subtle structural effects within the 
protein probably control the chemistry. The 
study by Katona et a shows that the combina- 
tion of high-resolution spectroscopic experi- 
ments (both in the crystal and in solution), 
computational methods, and erystal structures 
represents a potent toolbox that promises to 
unlock many secrets in chemical biology. 
Together, the two studies provide stunning 
insights into the diverse structural relations 
that mononuclear nonheme iron enzymes can 
broker among oxygen. protein, solvent, and 
hydrocarbon substrates, The iron centers in 
these enzymes are much more flexible than 
those of their heme cousins, which are con- 


strained by their porphyrin partners. This fact 
probably explains the great diversity of sub- 
strate chemistries that can be catalyzed by the 
nonheme enzymes. 

The abundance of iron on Earth held back 
the development of complex life during the 
-billion-year rusting event that kept almo- 
spheric oxygen levels low. Itis interesting to 
‘wonder what life would be like at this point in 
geologic time if iron was less abundant and 
the evolution of complex multicellular organ- 
isms had started | billion years earlier. Would 
ion still have such a prominent role 
ric of life? I believe it would, The 
richness imparted by this versatile transition 
metal would be difficult to replace, and life 
‘would certainly be less interesting without it, 
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PLANETARY SCIENCE 


A New Spin on Saturn's Rotation 


Fran Bagenal 


‘Modulations of radio emissions from Saturn that have been used to measure the rotation of 
the planet's interior now turn out to be caused by an external ring of plasma. The true internal 


rotation continues to be a mystery. 


he rotation rate of a planet is among. its 

most important properties. For solid 

planets, simple observation of the sur- 
face tells us how fast the object ts spinning. On 
sas planets such as Satum or Jupiter, however, 
the visible outer layers move differently from 
the interior. So how do we know how fast the 
interior of a gas planet is spinning? The usual 
trick istomeasure the periodicity of ratio emis- 
sions that are moduksted by the planet's imtermal 
‘magnetic field, This method assumes that the 
‘magnetic field is tied and that the dynamo 
region where the fields generated spinsat arate 
representative of the bulk of the planet. But on 
‘page 442 ofthis issue. Gurnett et al.) argue 
that recent data from NASA Cassini spacecraft 
indicate that apparent changes in Saturn's spin 
could be eaused by processes external to the 
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planet. This raises new questions about how we 
are to measure and tnderstand the rotation of 
the lange gas planets. 

‘Satum first dumbfounded planetary theo- 
risis who study dynamo models by having a 
highly symmetric internal magnetic field. A. 
field that is symmetric about the rotation axis 
‘Violates basic theorem of magnetic dynamos 
(2).The second puzzle came with the detection 
‘matic rotational modulation of the 
jssion similar to a flashing strobe, 
‘which should not occur in a symmetric mag 
netic field. Meanwhile, radio measurements 
have revealed that last year that Saturn's day 
hhas become about 6 to 8 mins longer—it is 
now roughly 10 hours and 47 min—sinee the 
1980s when measured by the Voyager mis- 
sions (3). And the spin rate seems to keep 
In their new work, Gumett et af, 
Saturn's radio emission, the mag~ 
Id measured in the magnetosphere, 
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A fundamental issue is whether the mi 


and the density of plasma trapped in the mag 


ations, including the radio 


netic field are all modulate me 
emissions, require the magnetic field emanat- 


drifting period. And the plasma produced b 

Satum’s moon Encekidus may hol 

the puzzle of the radio emissions. 
Ca 


mmetry around the rotational axis (10), 


lurk just below the icy surface. But 


‘magnetospheric scientist obscured (/1), The ft that the rotational mod 
evoked the voleanie plumes of 7 tion of magnetospheric phenomena seems 
Jo, lo’ plumes spew forth gase jon- fraction of the t ¢ effect on the tw be fairly constant with radial distance argues 


in favor of'an external rather than, 


onan n intemal source, Yet localized 


‘order multipoles) at high kititudes: 


As the mystery of Saturn's 


plored polar regions of the ma 
netosphere, If NASA extends 
funding for a few years beyond 


Plasma possibilities. Geysers on Saturn E f salinstabilty over nearly one-quarter of Saturn's 
that causes plasma outflow . a 6 is sy sonal eyele. Magnetospheric 
‘may rotate ata different rate than Saturn hysicists will have a grand time 

debating the meaning ofthe Cassini 


ized ata rate nd. form-—phisma. Electr 


in Jupiter's strong magnetic field. The tor ts in Saturn’s banded atmosphere appear to 


plasma emanating from Enceladus is mi ; change with seasonal variations in solar ill 
weaker (at most a couple of hundred kilo- tem of m nination (/2), But before they ean say how 
ams per second) than that of lo, with mostof could drag the io fast the winds are blowing relative to the inte 
the gases remaining as neutral atoms or mol xtrodyniamis hey must sit widdling their 


the Enceladus plasma 


Gurnett e¢ al, argue that the process th: rT References 


(see the figure). They suggest that this circula- explain 34, 102201, 


tion pattern also produces higher plasma den red 
sities in the region of stronger outflow. Gur sm : 
eral. propose that plasma production stresses distance 6. LM ite Ssene 312, 1419 2006), 


netosphere and the planet, causing the pattem — Co 3.25 
of weaker'stronger outward flow to slowly slip pop. 8 Anat 
in phase relative tw Saturn's internal rotation, the dram es Ragen 
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ently erratie spin 
than pert 
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ECOLOGY 


Rapid Domestication of 


Marine Species 


Carlos M. Duarte, Niria Marba, Marianne Holmer 


bout 11,000 years ago, 490. 


Domestication has had higher success rates 
the sea relative to those seen in the long 
istory of land species’ domestication. The rise 
of aquaculture has global consequences, 


for future domestication 


humans began to do- 
mestieate plants and 
mats (1-3), In the next 9000 
years, hundreds of land species 
‘and a few aquatic species were 
domesticated. Since then, how= 
ever, few land species have been 
domesticated, In contrast, the 
domestication of aquatic: 
particularly marine—species has 
grown exponentially, Aqusteul- 
ture is emerging asa revolution 
inagriculture of plobal impor- 
ance to humankind. 
Domestication of wild spee= 
Jes to produce food means that 
the breedin and feeding 
of organisms are controlled 
bby humans (4). By 2000 years 20 
‘ago, an estimated M6 of the 
spevies presently cultivated on 
land had been domesticated. 
Since the industrial revolution, 


Pescent of total species domesticated 


aa 


Second, the greater 
diversity of life forms in 
the ocean compared to 
those on land provides a 
broader range of opportu- 
nities for domestication, 
The limited success in do~ 
‘mesticating land animal 
species has been attrib 
‘uted to the paucity of suit- 
able species: Many land 
plants are poisonous or 
toxic to humans, and many 
hand animal species have 
slow growth and long 
life cycles, specialized 
diets, or adverse behav 
oral traits (3), 

Third, aided by the 
rapid spread of techni 
anal scientific knowles 
domestication of aquatic 
species is developing glo 


the increase in the numbers of 
domesticated land plant and 
‘animal species has been mod- 
cet (~3%) (ee the figure). 

In contrast, the rise of aqua 
culture isa contemporary ph 
‘nomenon (5). About 430 (97%) ofthe aquatic 
species presently in culture (see the table) 
have been domesticated since the start of the 
20th century, tic 
wve been domesticated over the past 
le (see the figure) (6). The number of 
je species domesticated i still ising rip- 
idly (see the figure) (6). Even allowing thatthe 
rates for early domesticates are estimates, 
‘aquatic domestication rates are ~100 times as 
fast as the rates of domestication of plant 
and animal species on land over the period 
‘when domestication wa fastest (see the table) 
(6), Despitea vastly longer history, the domes- 
tication of land species has been less success- 
ful than that of marine species (7), particularly 
for animals: 0.08% of known land plant 
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Land versus water. Most land species were domesticated ealier than aquatic species, but in 
the past 100 years, many more aquatic species than land species have been domesticated (6), 


species and 0.0002% of known land animal 
species have been domesticated\ 7), compared 
with 0.17% of known marine plant spe 
‘and 0.13% of known marine animal species. 
Effective genetic improvement programs for 
‘many aquaculture species (8) should be facili- 
tated by their huge reproductive output and 
short generation times compared to those of 
domesticated land animals 

‘There are several reasons for this contrast 
between the success in the domestication of 
land and marine animal species. First, land 
domestication has drawn largely from mam- 
mals and binds, with few invertebrates (such 
aas bees and snails) domesticated. In contrast 3 
diverse array of marine taxa—including mol- 
lusks, crustaceans, vertebrates. echinoderms, 
jellyfish, and worms—have been domesti- 
ceated (9, 10). Many more wild marine species 
are used as food [more than 3000 marine 
species compared to fewer than 200 land 
species (9, 11, 12)]. providing further scope 


tally whereas land species 
‘were domesticated in just 
a few regions (J-3), A 
similar global effort to do~ 
mesticate additional land 
animal species isprechd- 
by the paucity of candidate species and the 
Jack of market demand, 

The domestication of an aquatic species 
typically involves about a decade of scientific 
search (13), Current success in the domesti- 
cation of aquatic species results from the 20th- 
century rise of knowledge on the basic biology 
‘oF aquatic species and the lessons learned from 
past success and failure. The domestication of 
aquatic species also involves fewer risks than 
that of and animals, which took 2 fange toll in 
‘human lives through diseases transferred from 
herds (3); no human pathogens of comparable 
virulence have yet emerged from aquaculture, 

The stagnation in the world’s fisheries and 
overexploitation of 20 to 30% of marine fish 
species (1) have provided additional impetus 
to domesticate marine species, just ss overex 
ploitation of land animals provided the impe: 
tus for the early domestication of land species 
(2). Aquaculture production hasbeen growing 
trates of ~7 to8% per year (5), compensating 
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for the stagnation of fisheries, and is Tikely to 
become the main source of marine food for 
humans as demands continue to 

The broad range of domesticated marine 
species helps to integrate the production 
actoss trophic levels, thereby maximizing 
‘output while decreasing environmental im- 
pact (14). It also increases the range of 
marine habitats where 
conducted, snd diversi 
_nenerates a wide ran 


of market prices for 
aquaculture products, However, aquaculture 
development also has negative consequences 
forthe environment and biodiversity, includ- 
ing deterioration of coastal ecosystems by 


aquaculture effluents and impacts on wild 
species used as feed (15), The continuity of 
present rates of domestication and the capac~ 
ity of aquaculture to meet the rising demands 
for seafood of a growing human population 
require that, by minimizing environmental 
impact, a sustainable model be achieved 
Domestication should aim at closed prouc~ 
tion eyeles, where feed is produced in the 
farm andl the target organisms reproduce and 
sgrow from egg to adult in culture, reducing 
pressures on wild stocks. 

The ine iquculture has global con- 
sequences, both as a food souree and in terms 
‘of environmental implications, The develop 
‘aquaculture is bound to replace fish- 
ceries as animal husbandry replaced! hunting on 
land. This should help release pressure on 
increasingly scarce freshwater resources used 
to produce food on land and stimulate techno 
logical developments. These changes will mod 
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Time since domestication ‘pectic growth 
pee pady (years before presend inthe numberof 
omesticsted “SOY spacin sath apaies domesticated species 
demeaieted — damestated (Oh year} 
land pats 0 200 200 ome 
ard sis oy sooo 16 0140 
‘Freshmater animals 180 2 4 +34 (180) 
ie ait 250 » « 33.050) 
‘Manne plants: yw R <10 25019) 


Rates of change. The numbers of presently domesticated species, the times by which 50% or 909% were 
domesticated, and the rates of domestication differ widely between land and aquatic species In the last col- 
tum, the specific growth inthe number of domesticated species is defined as the percent increase in the num 
ber of species domesticated per year over the period of fastest domestication rates (6); the numberof species 
for which domestication dates were available is given in parentheses 


ify employment and livelihood patterns of 
those involved in this industry. The growth in 
the domestication of marine biodiversity thus 
represents a fundamental change in the way 
humans relate to the oceans. 
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EVOLUTION 


Aging and Sexual Conflict 


ing fathers increasingly kate in life. and it 

is estimated that fertility problems expe- 
rienced by one-third of couples can be atrib= 
uted to male Factors, including aging (1). 
Aging can affect male reproductive success 
through two processes, each with distinct 
evolutionary implications: the age of the 
male and the age of his sperm. Recent empir- 
ical studies demonstrate that both male aging 
sand sperm aging may have a dramatic impact 
‘on fertility, embryo viability, and altimately 


I= iny human societies, men are becom= 


‘The authors area the Edward Grey insite, Department 
of Zoology, Univesity of Oxtord, Oxford OK1 3PS, UK. 


mal: tommasapizari@z00.0.3¢.k 


Michael B. Bonsall, Tommaso Pizzari 


‘on the evolutionary contict between sexual 
artners, known as sexual conflict 
Male fertilizing efficiency is especially 
important in species where females mate 
with multiple males and the ejaculates of 
different males compete for fertilization, a 
process called sperm competition. One 
recent study of the hide beetle (Dermestes 
‘maculates) (2) reveals that m 
be an important determinant of the 
of sperm competition. The study analyzed 
fertilization success in two scenarios: when 
the ejaculates oftwo males were inseminated 
into a female (sperm competition), and when 
the ejaculate of only one male was insemi- 
nated (absence of sperm competition). The 


Aging of male organisms and of their sperm 
reduces fertility and embryo viability, leading 
{0 evolutionary conflict between the sexes, 


study demonstrates thatthe fertilizing ability 
of an ejaculate peaks at an intermediate 
male age, Most young males copulated with 
females but only 36% of them had developed 
‘mature sperm, indicating that most young 
males were not sexually mature, Similar 
although all old males produced mature 
sperm, some of them failed to transfer sperm. 
during mating (aspermic copulation), Males 
in their prime (intermediate age), on the 
other hand, never failed to inseminate a 
female. Moreover, in sperm competition, 
their ejaculates outcompeted those of old and 
young males in fertilizing the eggs of a 
female. These results confirm earlier work 
‘on this species showing that a female ineurs 
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fertility costs when she mates with either a 
young or an old male (3). 
This recent hide beetle study also indi 


witha particukar male will depend oh 
The 


dependent tisk of aspennic c 


female preference for partners of intermedi 
Me age tw ensure fertilization. Similarly. 


would expect a female to be more likely te 


or an old male, Whereas the ejaculates of 


intermediate-age males thrive in sperm com. 


less competitive ejaculates, to defend pater 


nity by preventing females from re-mating 


les, A cheap way to inhibi 


‘Age matters yy suth d fertilizing efficiency and high mutat ages. In 


which could explain why sperm-depleted divi 4 tor prolonged peri in the male before ejaculation 
young and old males still copulate with Jnd when stored in the f is may red iNicieney and ospring ttness, 
females, Therefore, the effect of male aging — Recent studies (6, 7) in bttinak i i may od tobias fertiia 

on fertilizing efficiency may be a eritical y her partner to reduce costs associa tion by old sperm. 


re-mating strategies. Ultimately, male agin, successive Together, these recent studies highlight 
wets the scene for evolutionary conflict over ches, sting that distinct aging processes—at the organ: 
mating between two prospective partners females may be biasing fertilization in ismand gamete levels—play eritically iN 


In addition to male age effect on fertili of fresher ejaculates (6), Consistent in sperm competition and lay out 


rates. the impact of maleage on gametehealth with this ide i perm from — different battlegrounds for evolutionary con 
also factors into reproductive costs, The DNA early ejaculates (that is, from older sperm) — flict between the sexes, Reduction in fertiliz 
carried by sperm cells produced by old males results in hatching failure and reduced off- ing ability due to male aging is expected to 


may accumulate deleterious genetic muta- spring q male strate~ influence female partner choice andl generate 


sexual contfict over mating; reduction in off 


tions and thus cause developmental defec 


and reduced viability of the ng Viability due wo male and speen 


stance, strong links have been reve 
twveen male age and frequencies of sperm with over fertilization. Unraveling the mecha: 


DNA fragmentation ams that underlie male aging and sperm 


J gene mutation 


disorder leading to drastically shortened how reproductive strategies evolved. but may 


bones. Therefore, in addition to fertility costs also help us wo better manage male infertiliy 
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GREENLAND 


Expedition 
September 25— 
October 6, 2007 


This fall, join modern-day 
explorer Dennis Schmitt as 

he turns to East Greenland 
and hixdiscovery—a finger 
shaped island in Eaai Greenland 
now named Warming tsa 
totally unknown until it recently 
emerged from beneath the 
Greenland ice sheet. You will 
heamong the first to see this 
spectacular islind—a compelling 
indicator of the rapid speed of 
global warming, 

In Reykjavik, Iceland, we 
will board the S0-passenger 
expedition vessel. NW Aleksey 
Maryshev, and cross the Denmark 
Strait and Aretic Cirele to the 
‘const of East Greenland. 

Blue whales feed in the rich 
waters, and orcas killer whales 
white-beaked dolphins, and 
‘many sea birds may be seen 

Visits will include Seoreshy 
Sund, the longest fjord in the 
world, and at Cape Hofmann 
Halvo we will laok for musk 
‘oxen. Remains af remote Inuit 
Villages will be of interest, as 
will seals and other wildlife—all 

inst the stunningglaciersand 
peaks of coastal Greenland. Itis 
an ideal time to see the Aurora 
Borealis. From $4,995 * air 


Fora detailed brochure, 
please call (800) 252-4910. 
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INTRODUCTION 


The 
Transitioning 
Germ Line 


GERMLINE CONSTANCY IS A MUST FOR SPECIES CONTINUITY, BUT THE LIFE OF THE 
germ cel self is full of change, The trck to and from the germ line includes numer- 
‘ous transitions and decisions defily choreographed forthe gametes’ unique ability in 
natureto develop ito complex animal and pass.on genetic information. This special G iG IL 
secon hipigns the making gem lucent obereix openisoniargsng | JELM CEUS 
aspects of these cells of heredity 

In the early embryo. cells decide between becoming s0 
nisms protect germ cells from a somatic fate, just as somatic cells require insulation 
germline differentiation pathway. Strome and Lehmann (p. 392) outline | News 
Activities inthe fly and worm, such as transcriptional quicscence and inheritance of | 388 Melting Opposition to Frozen Eggs 
germ cell determinants, and Hayashi et ul. (p.394) tell ofthe murine system, invok- | 399 A Close Look at Urbisexuality 
ing an inductive signal. Although model systems use different strategies, common 
themes exist Reviews 

Anew class of molecules reportely participatesin germelldevelopment.Lin(p. | 392 Germ Versus Soma Decisions: 

) describes the generation and rok: of germline-specific small RNAs termed piR- Lessons from Flies and Worms 


‘or germ line. Mecha | CONTENTS 


3 


NAs. Funotionsas diverse as posttranscriptional regulation and gpigenctic program S:Stiome and R Lehmann 
ing are sugested. Another epigencticevent--de novo DNA methylation silences | 394 Germ cel Spctcation n Mice 
imprinted eres and repeat cements during vertebrate gamectogsnets, Schacter KHoyosh eal 
(p.398) detail this heritable silencing nts sexual dimophusi, f 

AAs the yori cll transitions tot ‘more decisions are mad: woenter | 397 BMWAS Inthe Germ Une 
miss orm an ii ‘with possible finkag 398 Epigenetic Decsons in harumalian 
re Germ Cells 
fre CB, Schaefer tak 
Spradling (p. 402). Switch ic germline stem cells, Brinster (p, 404) sac 


400 The Mysteries of Sexual Identity: 
The Germ Cel’s Perspective 
J. Kimble and D.C. Page 

402 Male and Female Drosophila Germline 
‘Stem Cells: Two Versions of Immortality 
‘MT Faller ond A.C Spradiing 

404 Male Germline Stem Cells: 


‘ports forthe einer, cls tana of perma m 
Cal an Daly (pA) smmarics advanses membre sem esl CES) i 
Cntonto geminata thread ikl ppt a 
wht into, In an Era McLaren (389 take the dnc ahr 
Milpitas os runing ESC rca 
Changs sina the ees tanatons othe erie ee Stil an Sy 
dou 407) dial the oosyte-tygetrnstion, with aul aration 
prosin sy protein and RNA drat ele emodling and frm ten 
Schr (p 6) dues go genome ening an mater cg RNA 
degradation around the matemnal-zy otic transition. 406 The Matemal-Zygotic Transition: 


ln News, Travis (p, 390) hacuses“urbiseualiny” with a biologiatpondcrin Death and Binh of RNAS 
evolution of germ cell specification, and Leslie (p_ 388) details how oocyte freezing AR Schier 


has become more effective and ageepiable despite questions about the fongterm | 407 Requlatonotthe 
health of offspring. Finally. in Science's STKE, MeClue discusses how poppies reject =to-Zygote Transition 
self-pollen, and Boklajipour and Raz h ‘in Drosophila and mouse ‘WL Stitzel and G. Seydour 
mechanisms involved a of peinwordial germ cells and clin 409 Gametes from Emiyonic Stem Cells: 


ectopic cells ‘ACup Half Empty or Half Full? 
The articles here w of exciting ongoing research on the seeds of €0.Daley 
life—themselves products of change. Advances hear fruit in understanding develop- | See abs related Ettore page 338 SE motel on page 
Wits underlying genetics, as well as infertility 280 of mens ermeely 
BEVERLY A PURNELL AND JOHN RAMS 
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Germ Cells 


Melting Opposition to Frozen Eggs 


Oocyte cryopreservation is starting to mature now that researchers have 
developed a faster, better way of freezing the vulnerable cells 


UNDER THE HOT DESERT SUN IN PHOENIX, 
Arizona, something chilling is going on. 
Human eggs are slowly being ived down at 
‘what has been called the world’s first bank 
offering frozen, donated eggs, For about 
$2500, Cryo Eggs International, the company 
running the bank, will sell an infertile woman 
aan egg from one of its carefully screened 
donors. One egg won't be enough 
typically order six wo eight wo boost the odds of 
pregnaney—and the price doesn’t include 
shipping in. tiquid nitrogen-cooled container, 
which can run $200 for a US. address and 
around $1000 for delivery to Europe. 

‘Some ethicists and physicians decry the 
selling of donated eves because obtaining them 
froma woman involves hormone injections and. 

suingial procedure that can cause side effects 
But Cryo Egus’s business plan is significant not 
because it afterall, 
‘women have been donating eggs for decades 
and even been getting paid—but because it 
signals that the practice of eve freezing has 
reached a new stage. And some say it’s about 
tim, given how unfair fertility is. typical man 
has almost lifetime to become a father, but 2 
‘woman's reproductive prime lasts only a decade 
6 so—and coincides with the ertial time for 
getting an education and establishing a career 


ises new ethical issues 
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in freeze sperm 
use with in vitro fertilization (IVF) 
physicians even plan to store sperm stem cells 
from prepubescent boys scheduled for similar 
cancer therapy (See Brinster Review, p. 404). 

But eggs have been difficult to freeze. As 
the largest cell in the human body, an ege 
bbrims with water that can form damaging ice 
crystals. “The problem with eggs is that they 
are sensitive to low temperature.” says Juergen 
Liebermann, scientific director of the Fertility 
Centers of I 

However. recent technical refinements to 


also known as oocyte eryo- 


preservation, may soon even out some of the 
reproductive inequalities between men and 
women. Although some scientists remain ca 
tious about its effectiveness and safety, others 
argue that cryopreservation is ready for wide: 
spread use—not just to help cancer patients 
secure their fertility but also to give women 
‘more control over when they start families. The 
technology has already jumped beyond the 
realm of research. For the last 3 years, Extend 
Fertility. based in Wobum, Massachusetts, has 
marketed its services as an option for career- 
‘minded women who want to put aside oocytes 
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Better cold? Freezing a human 99 without 
damaging or killing its tricky 


vo be thawed years or even decades later, when 

their jobs are secure or they've found the right 

pariner. Cryo Eggs’s donor bank opened the 

same year, Fertility clinies now offer elective 
rage. 


Early frost 
Oveyte cryopreservation sidesteps some of the 
practical and ethical ptflls of IVE. says Jefiey 
Boldt, an embryologist at Community Health 
Networksin Indianapolis, Indiana, who isso 
partner in and scientific director of Cryo Eggs, 
For example, what to do with “spare” embryos. 
that aren't implanted poses a dilermma, he says, 
Many couples are loath to discard them, and it 
illegal to use them for federally funded 
research, Moreover, divorcing couples have 
fought for custody of frozen embryos in court, 
just as they would over chikren, notes clinica 
embryologist Michael Tucker of Georgia 
Reproductive Specialists in Atlanta, Fertility 
specialists in countries such ay Ttaly and 
ifferent legal difficulty 
Embryo freezing i forbidden, 

Frozen oovytes obviate some of these 
concerns. For example. people may be less 
squeamish uit gamete U 
an embryo, Boldt says. And if spare oocytes 

e om ice, he adds, doctors shouldn't need to 
ie as many embryos, Custody battles 
also shouldn't erupt, says Tucker: A woman's 
egusare her own, 

As welcome as exy-freezing is, the trick 
has been getting it to work. The first reports 
of pregnancies from thawed oocytes dite 
‘back to 1986, just 3 years after the First birth 
froma frozen embryo. Although the use of 
frozen embryos created by IVF boomed, 
technical hurdles have langely excluded ery 
preserved egus from the clinic. Depending 
‘on who's counting, frozen ooeytes account 
for a total of 300 to 600 babies worldwide. 
compared with the roughly 300,000 births 
from frezen embryos 

‘One reason for the slow acceptance of 
frozen oocytes in the 1980s and 1990s is that 
the IVF techniques then used were much 
ssful fertilizing thawed eges than 
fresh ones. In addition to ice crystals, freez~ 
ing an egg toughens the zona pellucida, the 
‘membrane around the egg that the sperm has 
to burrow through. 

Another factor that gave people pause was 
concer about possible birth defects, Exes ane 
also susceptible to cold because a mature 
‘oocyte is stalled in the middle of meiosis, the 


Germany face a 
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double division that parcels out the chromo- 
somes to yield gametes. The chromosomes are 
hitched to the spindle, a network of micro- 
tubules that will help separate them if feriliza- 
tion occurs. Even a slight drop below body 
temperature triggers a “chilling injury” to an 
egg, notes Stanley Leibo, a eryobiolowist atthe 
University of New Orleans in Louisiana, The 
spindle falls apart as the microtubules depoly~ 
merize. Although the structure reforms wh 
tures rise, researchers haven't ruled 0 
Jamage from the disruption, such 
I numbers of chromosome’ in the eas 
and rare birth defects, 

Freezing saps sperm, 100, kil 
501% of them, siys reproductive endocrinolo- 
ist Kuthik Oktay of Weill Medical College of 
Cornell University in New York City: But the 
prodigious numbers in a semen sample usally 
‘ensure that enough healthy ones survive thaw 
ing to permit fertilization, he says 


Asshot in the egg for cryopreservation 
Theadv wt freezing, says 
reproductive endocrinologist Richard Paulson 
‘oF the University of Southern California (USC) 
in Los Angeles, was intracytoplasmic sperm 
injection (ICSI), The technique. which 
rchers first tested on frozen human 
in 1995, shoutsthe sperm through the 
ccold-hardened ona pellucida directly 
into the exe. “I'm surprised they 
fertiliza Lith. 
* says Paulson. In 1997, 
Eleonora Poreu of the Uni= 
versity of Bologna in lly 
and colleagues reported the 
first birth from ICSI on a 
thawed oocyte: 

A new technique for 
freezing eggs might produce 

rye an impact as 

ICSI. Bathing eggs in cry- 
oprotee 
propanediol, ethylene glycol. 
sucrose ean shelter the cells from 
but doesn’t eliminate it, The solution, many 
scientists now sty, is a method for superfast 
chilling known as vitrification 

The standard slow-freezing method—the 
technique Cryo Eggs uses with some modi 
ations—entails gradually cooling the e 
over about 90 minutes in a compute 
controlled freezer. By contrast fast-freezing 
involves dunking the egg into liquid nitrogen: 
itvitrifies. or ransforms intoa glassy material. 
The idea behind vitrification, says Leibo, 
‘outrun chilling injury.” freezing the « 
before ice can crystallize. 


wee that revived 


1 molecules such as 


Although only about 100 babies have been 
born from vitrified ege 

the method the future oF oocyte 
cryopreservation, As Liebermann notes. 
recent statistics suggest that it boosts egg sur= 
vival and fertilization over slow fr 
reducing the average number of « 
required to producea live birth from more than 
30 to betwen 27 and 30, 


Ready for prime time? 
Hundreds of seemingly healthy babies around 
the world prove that oocyte 


dant part of assisted reproduc- 
alysis published last year in 


Fertility and Sterility, Oktay and colle 
pooled results of 26 studies on oocyte eryo- 


solution is clear Unset, right). 


preservation d 
2005, covering 97 children, Overall, slow- 
128 fell short of fresh ones on every 
including fertilization rate and 
implantation rate. (There weren't enough data 
(on vitrification to compare it to slow freezit 
the researchers determined.) Porcu says that 


fru 


frozen eggs will 
8% of fresh ees, she says. 

For many physicians and ethicists, the sta- 
tistics back limited use of cryopreservation. 
‘Guidelines released by the American Society 
for Reproductive Medicine (ASRM) last fall 
regard the procedure as experimental and 
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A clear difference. A human oocjte 
above) is full of water that forms ice 
caystals when frozen slowly. Faster 
freezing can minimize ice damage; a 

solution slomty Irozen has a lot 
of ice Unset, left), whereas the vitriied 
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endorse it only for preserving fer 


women with cancer—as long as ther 
tional review board supervision, An alternative 
that might enable women to retain their egg: 
produc acity—freezing ovarian tissue 
‘and reimplanting it after treatment—is still for 
research only, the guidelines conclude, More- 
‘over, ASRM advises against making elective 
egg freezing commercially available, citing the 
Jack of long-term studies on babies’ health, 
Oktay, who headed the ASRM committee. 
notes that freezinganegy effectively agesit § or 
9 years, So unless a woman plans to wait lon 
than that to try to get pregnant, she is better off 
using her own fresh eggs, 

Other fertility experts contend that the time 
aziven the lack of 
natives, Although ethicists railed when Extend 
Fertility began advertising elective 
egg freezing to young women, the 
practice has spread, especia 
the United States, where fe 
clinics are un-regulated, How 
¥y facilities offer 
certain, says Oktay. His clinic 
doesn't. But Paulson's USC clinic 
does. "I don't feel 1 ean deny 
access to this technology” 10 well- 

formed patients, he says. The 


procedure “levels the field for men 
and women” reproxtuctively. 

Boldt also angues that the evi- 
dence tucks the use of fro 

fertility treatments for more 
than just cancer patients, “The 
technology is there to look at exe 
banking] as a realistic option.” he 
says. Boldt adds that frozen 
oocytes even offer advantages 
‘over fresh ones: the IVF procedure 
is simpler because the exe donor 
and recipient don’t need to be 
reproductively synchronized. 

Res 
missing from our understanding of egg free2- 
picture ofthe health ofthe resulting 
children. Although some scientists have 
‘offered preliminary results for small numbers 
‘of children, no one has conducted a lon 
comprehensive study of babies born from 
defrosted egus. That could soon change. Poreu 
Inter 
net database in which clinicians ean record 
information. The timing is apt. The oldest off- 
spring are entering their reproductive years. 0 
it will be possible to determine whether their 
fertility is normal. That research might tell us 
more about whether eve freezin 
warm reception. MITCH LESUE 
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Germ Cells 


NEWS 


A Close Look at Urbisexuality 


A developmental biologist takes aim at understanding the evolutionary 
origins of eggs and sperm in our 600-million-year-old ancestor 


For a creature no one has ever seen and 


never will see alive, Urbilateria generates a 


lot of passion, Scientists have vigorously 
debated whether it sported legs or anten- 
nae, whether it had a true heart, and 
whether its body was segmented. Such 
arguments may never be settled, however 
Urbilateria is a hypothetical organism that 


lived $50 million to 800 milli 


rig that includes mollusks, worms, 


and people 


flies, mice 

Discussions of this mythical creature are 
more than just pub-fueled speculations at 
the end of a long day in the labor 
practitioner 


f evo-devo, a field that uses 


developmental biology t study evolution 
and vive versa. Although some animals 
have no anatomical symmetry (sponges) or 
display radial symmetry (corals and jelly 
fish), most animal phyla have bilateral sy 
metry, and Urbilateria would have been 
their fi 
a framework for thinking about how the cur 
rent diversity of bilaterians emerged from 


jerunner. As such, Urbilateria offers 


the twists and turns of evolution 


In 2002, Cassandra Extavour, a postdoc 


in Michael Akam’s laboratory at the Univer 
sity of Cambridge in the UK., realized 
something was missing from all the mus 
ings on Urbitateria 
‘over the last 20 years centered on wha 
Urbilateria looked like 
Bu 
animal reproduced 

So, in talks at the Society fi 
and Comparative Bic 


says Extavour 


‘ho one [was] talking about how this 


in January. and in book chapters in press. 


this developmental biologist has begun to 


uss what she cleverly ealls “urbisenti 


* Her approach makes sense, says Adam 
Wilkins, editor of Bi 
cist who studies sex determination. 
like to know what the earliest bila 
mals looked like and acted like 


ssays and a genet 
Wel 
al ani~ 
and that 


includes their reproductive history 
The sex lives of these ancient creatures 


has eluded Extavour, but she has made 


fundamental aspects of Urbilaterian repro- 


duction: the 
Her work 
Douglas Erwin of the 
Natural History in Washington 


rigins of their sperm and eg 


bly on the nature of 
It never dawned on me to con 


Wilkins agrees 


Urbilateria 
sider these sorts of issues. 
As faras I know 
Ka 


Me 


urbisexuality has led her to 4 


ur’s contemplation of 


hink the evo. 


,erm cells, Ww ely make sperm 


and eggs. and the stem ce ive rise 60 


other ti 


Future sperm or eggs. tein called 


Humble beginnings 
The sexiest questi 


obviously ¢ 


Was the 


were the sexes of Urbilateria separa 


duction re 
jon? If the I 
ria’s gonads we 


so, did repr 
internal fertili 
ase, then Urbil 


were the 
Id have 
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‘our considers the answers to such 
ly unknowable, Typically 
evolutionary biologists piece together the 


the modern tips of evolutionary trees 
fior physical traits or developmental genetic 
networks shared by most of its descen- 
dents. Traits in common to a broad spec 
trum are likely ancestral, But so many 
reproductive strategies are strewn across 
every bilaterian phyla that the identifiea- 


ox ‘obably impos 


sible. Both egg laying and vivipary, in 


which an embryo develops inside a parent 


are scen across all clades, for example, s0 


W's hard for researchers to tell which strat 
egy evolved first. 


Pickin 
urbisexuality, Extavour has concentrated on 


4 more tractable question about 
what got her thinking about Urbilateria in 
the first place: primordial germ cells, She 
notes that these germ-cell precursors com: 
pete with one another during development 
within arthropods. The primordial germ 


andl migrate relatively long distances to what 


becomes a yonad; there they develop i 
sperm or eggs, But studies had shown that 
only some of the primordial germ cells wi 
jonad; the latecomers vanish 
called 


sperm. This example of survival of 


this race to the 
fi 


the embryo’s erm Tine, its 


a broader Darwinian look at primordial 


germ cells. “I staried to think about the role 
of germ cells in evolution and bean won. 
dering how different animals make germ 
lines,” she says. 


Much has been written about when and 
why animals first evolved a germ line. Some 
researchers have even argued that the emer 
ence of specialized reproxkuctive cells distinct 
the soma 


from other tissue was a pre- 


requisite for multicellular organisms. 
Extavour agrees with that thinking. So, 
assuming that a germ line predated Urbilateria, 


she asked how certain cells in an Urbilateria 


embryo ended up as the animal’s germ cell 


not a hear 
Modern 


nwo methods to give germ cells their unique 


idemiy. By one route, preformation, part of 
an unfertilized egg’s cytoplasm contains a 
distinctive mix of proteins, chemicals, and 
genetic instructions. This material is the 
so-called germplasm. As the eg: 
and redivides, bits of 


divides 
cermplasm wind up in 


some cells but not others, Inside those cells, 


SPECIALSECTION 


. PROTOSTOMES ; . DEUTEROSTOMES 7 

Pe Be : @ 

2 ES & & - Be oi H 

28 E¥eee, Geil giegeé AG eare 

me ilniiiiniii, | Hy 

ELPLSGEL EEE ss 222825 eae af Hite 
* 


‘vasa and nanos become active, for example, 
and help prepare those cells for a future as 
eqes or sperm, In animals relying on pre~ 
formation, that germplasm is retained or 
restocked within new oocytes: thus. itis 
inherited from generation to generation, 
‘Where there is no germplasm, epigenesis 
‘eomes into play. All the cells in the embryo 
start out apparently equal. But asthe embry 
hhemicals that 
force their neighbors to become the germ 
line. The question for Urbitateria: Do the 
cells that decide to become its primordial 
germ cells “inherit something or ge! 
§ instruction?" asks Extavour 
The mouse relies on epigenesis: Certain 
‘embryonic cells release bone-morphogenic 
proteins that tel other cells to become erm 
cells, But the more primitive animals com 
monly studied in the lab—zebrafish, fruit 
flies, nematodes, frogs—all depend on 
germplasm to specify their germ cells. so 
biologists had assumed that preformation 
was the ancestral state. In a 2003 review of 
existing data on 28 animal phyla, howew 
Extavour an Akam found litle eytol 
cell lineage, oF experimental data to in 
cate preformation in most species. They 
concluded that epizenesis was very wide- 
‘spread and that it probably arose first. 


From stem cells to germ cells? 
Extavour has continued to amass data sup- 
Porting that surprise and has also devel 
‘oped a model of how preformation could 
have arisen in some of Urbilateria’s descen- 
dents. In epigenesis, many of the molecules 


Cato ADAPTEDFROMC G EXAVOURANDM AKANE DEVELOPUENT 19.028 THE CCA 


yawwesciencemag.ora 


‘Choosing germ cells. Of the tno methods animals use 
to specity their germ cells, epigenesis is more wide 
‘spread and likely to be the mode used by Urbitsteria 
(artist's readition), the earliest bilateral anima 


inside primordial germ cells that drive the 
cells’ differentiation into sperm or eggs 
vanish once that job is done. Extavour 
thinks that at some point post-Urbilaterta, a 
mutation occurred that allowed those fac~ 
tors to persist in an oocyte—voili, pre~ 
formation. Itcould have been a simple mat- 
terof keeping genes suchas vusaand nanos 
turned on in oocytes instead of turning 
them off —so simple, in fact, that Extavour 
suspects this happened multiple times on 
different evolutionary branches. If that’s 
true, she speculates, there are modern ani- 
mals able to employ both modes of germ 
cell specification. Even so, their embryos 
likely rely on only one. 

“Of all the evo-devo stories, Extavour’s 
work is among the most interesting.” says 
Helen White-Cooper of the University of 
Oxford, UK.. who studies germ-cell devel- 
opment in fruit flies. To strengthen her 
case, Extavour should try to confirm 
Whether an animal known to rely upon pre- 
formation “might be able to use another 
mechanism if forced.” White-Cooper sug- 
gests. Indeed, Extavour and collaborators 
are now doing just that. 

Next, Extavour wants to understand 
evolutionary links between primordial 
germ cells and the somatic stem cells that 
give rise to all the nongermline tissues in 
an organism. The two cell types share 
many morphological features, and certain 
‘genes that guide somatic stem cell growth 
appear related to 2 in primor- 
dial germ cells. Also, at the most basic 
level, both classes of cells are close to 


immortal; They survive and divide for a 
Jong time without specializing, 

Moreover, researchers have shown that 

the primordial germ cells of some species, 
including humans, can act 3s somatic stem 
cells, giving rise to more than just repro- 
ductive cells, And others are coaxing 
nongermline stem cells from early embryos 
to develop into sperm and eggs (Science, 
September 2005, p. 1982). 
Cell biologists have considered somatic 
-m cells to be developmental spinofls of 
rm cells because of their similarities in 
expression and differentiation, Twist- 
ing that idea a bit, Extavour hypothesizes 
that germ cells arose as a subset of stem 
ccells. She notes that primitive nonbilateral 
animals stich as sponges and jellyfish main- 
tain stem cells that can give rise to either 
new somatic cells or gametes, Because the 
stem cells of sponges and jel 
persed throughout their bodies, she sug- 
sts that Urbilateria’s germ cells were sim 
ilarly scattered. As scientists identify more 
genes that are active in both primordial 
germ cells and somatic stem cells and tra 
their history, Extavour hopes to confirm 
this evolutionary scenario, 

Wi 
Extavour, € 
of the history of germ cells and stem cells a 
“big idea.” And he thinks Extavour’s inves- 
tigations of urbisexuality will draw others 
to probe the evolution of germ cells and 
reproductive systems. The topic, Wilkins 
laughs, “will become, I can’t resist saying, 
10 study” “JOHN TRAVIS 
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Germ Cells 
REVIEW 


Germ Versus Soma Decisions: 
Lessons from Flies and Worms 


Susan Strome™* and Ruth Lehmann?* 


The early embryo is formed by the fusion of two germ cells that must generate not only 

all of the nonteproductive somatic cell types of its body but also the germ cells for the next 
‘generation, Therefore, embryo cells face a crucial decision: whether to develop as germ or soma. 
How is this fundamental decision made and germ cell fate maintained during development? 
Studies in the nematode worm Caenorhabditis elegans and fruit fly Drosophila identify some of 
the decision-making strategies, including segregation of a specialized germ plasm and global 


transcriptional regulation. 


© elegans embryo separates the germ 
| Vineage ftom somatic Fineages progres 
sively, though a. series of four asym 
Inctric divisions (7) 
Daring each of those 
divisions, a specialized 
cetoplasm, of “germ 
titionext 
to one daughter cell, 
the P coll (Fig. 1) 
Aller the separation 
‘ofthe germ and so 
is complete, the Py 
cell serves as the sole 
primordial worm el 
ARGC), The gemiline 
fie of Py probably 
relies on both inher 
tance of germ plasm 
components and sex 
of somatic 
jo factors 
sway fom the germ 
Fineaye. tn. Drown 
ia, Wekeationof germ 
ells in the embryo is 
aleady estaba dar- 


1 oogenesis, when Later 
GCs 
‘maternally. synthesized 


germ plasm compo- 
nents assemble at only 
‘one poke of the oocyte 


©. elegans 


Despite their different fonmation strategies, 
‘bow worms and flies rely on the passage of 
specialized germ plasm from the oocyte to the 


=o @& 
= 


Intormingled gormine and uomatc potental “Segregated gormine and soma potontial 


Drosophila 


whe migrating to embryonic gonad 


1 and 2). One likely role i to protest early germ 
cells fom expressing somatic differentiation genes, 
‘Transcriptional quiescence is achieved through a 
repression program that regulates the come tran- 
scriptional machinery as well as chromatin stats 

The earliest phase of repression is mediated 
atthe level of transcription elongation in both 
fonganisms, as the gern line an! soma are beings 
separated fiom each other (4), Proteins involved 
in preventing RNA polymerase Il (Pol Il) changa- 
tion in gem eclls have been identified in both 
‘onganisins. The ine finger protein PIE-1 isa key 
regulator in worms (5), In embryos that lack 
PIE-| activity. newly formed yerm cells contain 
clongating Pol Il and produce mature mRNAs 
(4.5). tn these mutants, the development of 

js similar to that of their somatic 
sister cells and the embryo die, Meehan 
ally, PIE-I apparently competes with the 
‘of Pol II for the enzymes that modify Pol I 
forclongation (4), In fies, the peptide Pye at 
the transltional represory Nanos and Pumiio 
contro! transcriptional 
silencing (4. 7-9, As 
in pie“ mastants, germ 
cells that ack either 
Pye or Nanos activity 
shows elongating Pol Il 
activity and express 
ens 
somatic cells (7, ¥, 10) 
(Fig 2..6,D. and) 
These “transformed” 
cells cher under ay- 
losis, a soxmatic cell 
ath pay, oF ap 
somatic ell fies (10), 
‘The mechanism (oF 
smgchanisans) by which 
Pge and the Nanos 
and Pumitio transla- 
tional repressors pre- 
vent elongation and 
the relationship. be- 
‘ween these regulators 
are unclear, 

AA chromatin-based 
phase of transcription 
al repression kicks in 
soon alter Py divides 
to onerate the 22 


gern cl 


(Fig 1), During the ini 
tial stages of embryo 


Fig. 2. Formation of PGCs and landmark stages in their development in C. elegans and Drosophila. 
Germ plasm is represented by red granules. Key regulators mentioned in the text are noted in 
yellow boxes. Blue arrow in final panel indicates direction of germ cell migration in Drosophila, 


and Z3 cells, at the 
~100-cell stage of 


392 


zene the fy embiye 
dividesby mickawraher 
than cellular divisions. Those nuclei that enter the 
posterior werm plasm become PCS (2), 
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future germ cells. Induction, an alternative mode 
of germ cell specification, operates in other or- 
ganisms, including mice (3). 


Newly Formed Germ Cells Are in a Transcrip- 
tionally Repressed State 

.A.common feature of carly gern cells in worms 
and thes is their trmseriptional quicscence (Figs. 


‘worm embryogenesis, 
when PIE=| disappears 
and PIE-L-mediated transcriptional repression 
«ends (//), One indicator of this transition is the 
disappearance from 22 and Z3 of histone moxli- 
fications that are associated with transcription- 
al competence, such as methylation of lysine-4 
of histone H3 (H13K4me). One key 
the transition is Nanos: H3K44 

turbed in 22 and 23 depleted of the two Nanos 


yaww.sciencemag.ora 


Fig, 2. Germ cl traits. (A to Posterior end of w+ 
type [to (©) and ge mutant (to (F} Oroscphia 
blastoderm embryos. The PGCs (arom) contain the 
polar plasm component Vasa fren in (A) and (0) 
The somatic nut contain elongating RNA Pot I [red 
in, (B, (0), and (0) and H3KAme (aren in (and 
(Bland produc failess mRNA (Bue in (Q and (Fn 
wid-4ype embryos) to (0, PGCs ite arrows Lack 
elongating RNA Pol, HBK&me and taless mRNA. 
‘pac mata embryos (0) to (FL, PGCs (ite arrows) 
Contain those three markers. Overlap of green and red 
in(B) and () appears yellow. Images adapted from (7) 
with permission from Elsevier. (G) Electron micrograph 
of a P granule (dectondense mass labeled Po, 
Containing internal electron-dense material marked by 
an open arrow) overlying five nuclear pores (back 
arrows) in the adult C elegans germ line. Reprinted 
from (17) with permision frm Elsevier. (H)Wldype 
LLC elegans larva. P granules are retried to the two 
GCS Z2 and 23 arrows). mep-1 mutant LL larva 
granule markers eg, PGL-L) ae ectopically expressed 
in somatic cells 


homologs NOS-I and NOS. In dics, 
HI3Ksie is dbsent from embryonic germ cals froen 
the time they are bor. This absence requires Py 
and Nanos (7, 11) (Fig. 2. Band E). Transerip- 


GLD+I and MEX-3 
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tional activity and HBKsine appear as gem cells in worms and flies (/9-22), Germ cells appear 


inate their migration and Pye disappears (1). 1 be particularly dependent on RNA-based 
regulation and may benefit from consolidating 
Breakdown of the Germ Versus Soma Distinction RNA.;yocessing machinery into large granular 


pal quiescence and tanslational — assernblies. Throughout the life cycle, however 


Position, and RNA reg 


Tike activities may thus be only one aspect hat 


ules are dynamic in momphology, com 


trans story function. P body 


im, Summary and Outlook 


germ lines. lacking Fliss and wouns share several 3 


m granuks axd lish and maintain germ cells and protect them 


express marker chancterisic of neurons andmus foun somatic fates, Both systems segreyale spe 
ck (12), Conversely, somatic cells may ssquine —cialized germ plasm to the PGCs, The RNAtih 
protection fi that send — granule in gor plasm serve rok i localization, 
them d pathway. peotcction, and translation of mRNAs. Altiough 
lequns synMuy Btramenaian gern ells ae not specified by sere 

chromatin regulators, such as LIN-38Retinoblas gated gem plasm, they do contin gem plasm 
toma and members ofthe nucknsome remadcling —compannts, Transcriptional repression in carly 
ann! histone dearcylase (NuRD) complex (eg, GCs is common theme to prevent PGCs fiom 
MEP.) causes somatic cells t difeentiating in the same way as their samnatic 
traits, such as wks and neighbors, although the regulators — weer PIE 
imerfenence( 2, Hand 1). This ectopic fly Pye, and mammalian Blimp differ beeen 
gennline waits by somatic cells species (3). Studies across species promise 10 


the histo H3K36- methyl ore mechanistic insights into how germ 


uanscriptional negultion specify gem 


ws zulators are known 


cells in the carly embryo and protect erm cell 


welopment, but the fie thoughout 


mechanistic details in the soma are unclear 
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Germ Cells 


REVIEW 


Germ Cell Specification in Mice 


Katsuhiko Hayashi, Susana M, Chuva de Sousa Lopes, M. Azim Surani* 


Specification of germ cells in mice occurs relatively late in embryonic development. It is 
initiated by signals that induce expression of Blimp1, a key regulator of the germ cell, in a few 
epiblast cells of early postimplantation embryos, Blimp represses the incipient somatic program in 


these cells and promotes progression toward the germ cell fate. 


1p may also have a role in 


the maintenance of early germ cell characteristics by ensuring their escape from the somatic fate 
5 well as possible reversion to pluripotent stem cells, 


Fimordial werm cells (PGC), the founkter 
Prseine sts eh 

established early during embryonic de- 
velopment. Specification of PGCs ean eceur 
cither through the inheritance of germ cell 
determinants already present in the exe, as in 
Caenorhabdiis elegans and Drosophila, 0€ i 
response to inductive signals, as in mige and 
probably all mammals. In all instances howe 
‘ef, gem cells are maintained by mechanisms 
n from differentiating into 


The Stem Cell Model for PGC 
‘Specification in Mice 

In C elegans and Drosophila, founder PGCS 
ae set aside at the outset from a totipotent 
~zyyote and prevented from differentiating in 
somatic cells by repression of the global 
transcriptional machinsry CZ). However, in 
mice, specification of PGC% is deferred until 
after implantation of blastocysts. The extn 
‘embryonic ectoderm (EXE) and visceral eal 
«dorm (VE), which surround the piblast eels of 
the postimplantation egy cylinder. are the 
sources of signals that instruct a small number 
‘of epiblast cells to become PGC: the rest of the 
cells commence differentiation into somatic 
tissues. 

The rapidly dividing mouse epiblast cells 
are developmentally equivalent to the Drosoph- 
ila ex (2), However, whereas in Drosophila, 
the determi rf germ cells are 


originate from the 
proximal pluripotent epiblast cells that are 
already transcriptionally active and vo some 
extent have embarked upon a somatic fate, 
Furthermore, pluripotent embryonic stem cells, 
which can be propagated inden 
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‘can gencrate an infinite number of PGCs when 
retumed to the blastocyst or when they other 
Wise receive specific signals to induce germ cell, 
fate. We could therefore call this the stem cell 
model for PGC specification, 

An elaborate transcriptional program that 
regulates PGC specification in mice prevents 
them from a continuing drift toward a somatic 
fate, and this is coupled with a chromatin-based 
‘mechanism that erases this trend, thereby result 
in reexpression of some key pluripotency- 
associated genes. At the sane time, PGCs must 
acquire and maintain their Hncage-specific char- 
oeteriticn, Recent advances are bei 


BE, 
£8. = 
VE 


55-660 
625-665 eI 
675-67 

erasers “| 


pisce together the key steps that lead 9 PGC 
specification, 


Origin of PGC Precursors from the Pluripotent 
Proximal Epiblast Cells 

‘The pluripotent proximal epiblast cells respond 
to signals from the extraembryonic tsstes andl 
begin to express fragiliv/Ifiom3 as they acquire 
the ability to form PGCs, although only a small 
minority of them become germ cells in the end 
G. 4) Fig. 1). Within these fragilisporitive 
cells, at embryonic day 6.25 (E6.25), about sin 
cells in the prospective posterior proximal 

of the embry and directly in contact with the 
overlying ExE begin to show expression of 
Blimpl/Prdm!. Experiments tracing, genetic 
Fineage demonstrate that all of the Blimp/- 
‘expressing cells that originate in the proximal 
posterior epiblast are the lincage-resricted PGC 
precursor cells (3), 

There is further accretion of Blimp I-positive 
cells afler this time. Lincage-imcing exper 
imcnts had previously shown that some single 
cells in the proximal epiblast at E6.S could give 
rise to both PGCS and extraembryonic meso- 
sderm bul never exclusively to PGCS (0), Furter- 
more, distal epiblast cells from E6.5 embryos 
‘when transplanted Wo the proximal-posterior 

ntrbute to the erm cel lineage, 


Fig. 1. Development of early postimplantation embryo from E5.0 to E7.5, depicting the formation of 
PGCs. The proximal epiblast cells respond to signals from the extraembryonic tissues, which induce 
‘expression of frogits in the epiblast, and of Blimp in the PGC precursor cellsat one end ofthe short axis 
before gastrulation. After gastrulation, the PGC precursors locate to the posterior proximal region, 
‘where they undergo specification to form the founder population of Stella-positive PGCS. 
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to the distal region of the epiblast can only 
uzive rise to somatic cells (7), These studies 
indicate the persistence of signals that can 
continually induce proximal-posterior epiblast 
‘cells at least up to E6,5 to commit to the PGC 
fate. Consistent with these findings, the num 
ber of Blimp -expressing cells increases from 
about 6 to 16 between E625 and E65 (5), 
Taking into account the possiblity that there 
Jengthening of the cell eycle time in the PGC 
precursors from 7 hours to about 16 hours, 
recruitment of a 
sury 10 account 
founder PGC 

posterior end 
G59), 


tional precursors is neces 

about 40 Stella-positive 
are finally observed at the 
F the primitive streak at E7, 


Signals for PGC Specification 
Both the EXE and VE are essential for 
quisition of competence and PGC preeunvors 
hut not for PGC specification itself (9, 10), 
Bone morphogenetic protein 4 (MP4), which 
is produced by EXE, is capable of ind 
Fraxil/Ifim3 expression (3), EXE and VE 
also the sources of BMPXb and BMP2, 
respectively. Loss of any of these signals 
molecules abrogates the competence 10 give 
rise (0 all OF most OF the PGCs (17-13). BMPs. 
trigger serine phosphorylation of 
the ansduser Smadl/S/8, which 
translocates into the nuckeus with 
the commen mediator, Smad, 
Loss of Smad and: SmadS (bit 
‘SmadX) causes severe re- 
duction in the number of PGCS 
(4-16), 3% does the conditional 
Joss of Smad (7). 

The Bmp-Smad gene dosage 
is critical for PGC specifica 
tion, For example, in the Bimp4~ 
hhotervzygous mutants, the number 
‘of PGCS is almost halved, which 
also the case in the double 
heterozygous Smad! and SmadS 
(U8), Indeed, the PGC precursors 
ge from the most proximal 
layer of the cpiblast, where the 
BMP-Smad signaling is strongly 
activated (Fig. 1), 

The dowstion of Blimp -pexsitive 
PGC precursors at the posterior 
side of the early embryo indicates 
that the anterior-posterior (A-P) 
ais formation may play a role 
in determining their numbers and 
location. The anterior visceral 
‘endoderm (AVE) (/9) produces 
Nowa and Wnt antagonists, thus 
restricting Nodal and Wnt signal- 
ng to the posterior side of the 
mbryo, the site where the Blimp !- 
positive PGC precursors are de 
tected. Notably, Smad2-mutant 


‘methylation 
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embryos, Which disorder A-P axis formation 
and result in the expression of “posterior” 
‘genes, including Nodal and Fef¥ in the entire 
piblast. show many cctopic clusters of PGC 
(16, 20). It appears that an orchestration of 
growth factors, which may include Nodal and 
Ff, ereates an environment for PGC pre- 
cursors to be segregated from somatic cell 
lineages 


Blimp1: The Key Regulator of 
PGC Specification 
A cnicial part of PGC specification in many 
model organisms includes repression of the 
‘Somatic program. In mice, a unique germ cell: 
specific transcriptional network scems to regulate 
PGC specification Extensive analysis of gene 
expression profile in single cells shows the 
involvement of 3 molscular program during 
xen cell specification (3, 5 2. 
mong the genes ientified so far, Blimp! 
protcin is a key transcriptional regulator that is 
panly responsible for repressing the somatic 
program in PGC while allowing establishment 
‘of germ cell character in these calls (5, 23), 
Blimp! provein has a PRSET domain, a 
proline-rich region, five Cally zine fingers. and 
a. C-terminal acidic domain, 
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Fig. 2. A summary of PGC specification. Progressive changes 
in gene expression from the epiblast in early embryos (green) 
to PGCs (red) ate indicated. Epigenetic differences between 
GCs and somatic cells (yellow) are shown at E10.5. Nonos3, 
‘Mvh, Dnd, and Dazl ate also germ cell-enriched genes. DNA 


(SmeC) is erased in imprinting control elements, 


‘and gene-encoding regions after E10.5 (33). 
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Dewailed analysis suggests that the PGC 
competent proximal epiblast cells expressing 
fragilis Ifiim3 are initially destined for a 
somatic fate. Accordingly, early Blimp! 
expressing cells at E675 originating in the 
proximal epiblast cells exhibit expression of 
Hoxhl as well as other mesodermal genes, 
including T, FefS, and Snail (21). These wo 
continue to be up-regulated in the neighboring 
mesoxlermal somatic tisues. However, they 
become repressed in the Blimp! -positive cells 
in an orderly manner along with the progres- 
sion of PGC specification (22), The repression 
of somatic genes in PGCS is consistent with, 
the phenomenon of repression of the soma 
program observed in C. elegans and in 
Drosophila 

Coupled with the repression of mesodermal 
spscific genes, there is up-regulation of other 
ones, inching Sax? (5, 22), Another gene, 
Nano isalsoreexpressed in PGCs (24) Thus, 
among all the lineages that develop from the 
pilates, only germ eels regain expression 

pluripotency-assosiated genes during the 
course of their specification. Thew is also ex- 


Fig. 3. (A) Potential role of BlimpL/Prmt5 complex 
‘in PGC specification until the migration of PGC into 
the genital ridges, when the complex translocates, 
{rom the nucleus to the cytoplasm. (B) The loss of 
‘Blimp! during dedifferentiation of PGCS into plu- 
‘potent EG cells. Dhx38 i a target of BimpL/PrmtS 
complex. 
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pression of other unique genes in PGCs, ine 
cluding Prim 4, gene that is closely elated 19 
Blimp 1/Prdmt, which may also have a role in 
PGC specification (22). 

‘The functional importance of Blimp! in 
PGC specification became evident during the 
analysis of the Blinp/-mutant- mouse em- 
bryos, which results in aberrant development 
‘of founder PGCs, In the absence of Blimp, 
‘the mutant cells form a tight PGC-ike cluster, 
hut they cease to proliferate and they show 
litle evidence for migration out of the cluster. 
‘They also show inconsistent repression of 
Hoxbl, which is a hallmark of PGC speciti- 
cation, while failing t show consistent up- 
regulation of stella and Sax2, as observed in 
hormal PGC. Thus, Blimp! plays a critical 
role in the establishment of the founder 
PGC, 


The Role of Prmts Arginine Methylase 

in PGC Specification 

Recent studies have shown a previously: un- 
recognized Blimpl/Prmts complex in germ 
cells. PrntS is an arginine-speeific histone 
methyltransferase, Which mesliates syminetti- 
cal dimethylation of anginine-3 on histone 
H2A andor HH tails (2Ame2wHER3me2s), 
‘which is detected in germ cells (27). A few 
lurgets of the Blimpl/PrmtS complex have 
bhcom identified in germ celts, including Dies, 
In PGCs, Dix38 is repressed and shows an 
HAR3me2s epigenetic mark untit E125. hts 
expression a this time coincides with 1 
translocation of Blimpl/Prmts from the nu 
cleus to the eytoplasm at ELS, after which 
the expression of pluripoteney-associated 
zones also begins to be down-regulated, Thus, 
Blimp1/Prnt5 complex may play an essential 
role in maintaining the PGC lineage during 
migration of the cells into the gonads 
it. 3A) 

Notably, recent studies in Drosophila indi- 
‘cate that a mutation in the PrmtS homolog, 
Capsuteenidart5, affects germ cell specification 
females and development of spermatocytes 
inales (25, 26). Both the formation of nuage 
in nye cells ant pote plas integrity are af 
fected in Copsuleen dart mutant ties. Cupsaeen: 
dart$ as the potential to methylate protein 
substrates, which have a role in the integrity of 
P granules in the genm cells of © elegans (27) 
Both P wramules and nage are RNA rich and 
contain several proteins, tn Capsule darts 
mutant flies, the localization of Tudor, an >= 
sential component of the poke plasm and nuage, 
is abolished, 

It will be important to determine whether 
Pris has a role earlier in the PGC precursors 
in mice, either through any cytoplasmic sub- 
strates or through its association with Blimp! 
(Fig. 3A). Itremains to be seen whether Tudor 
domain proteins, some of which are detected 
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at the time of PGC specification (28), contrib- 
ute 10 PGC specification in conjunction with 
Pant or Blimp! /PrmtS complex. 


Postspecification Establishment of PGC 
Epigenetic Signature 

An integral part of the PGC specification 
process includes substantial epigenctic modifi 
cations, which occur in the stella-positive 
PGCs. At E8.0, the level of H3K9me2 (an 
pigenotic mark associated with transcriptional 
repression) diminishes, whereas H3K27me3 
(another repressive epigenctic mark associated 
‘with high levels of Elz2) becomes. prominent 
(29)(Fig.2). These changesare followed by up- 
‘regulation of I3K4me23 (Fig. 2). The epige- 
netic marks I13K27me3 and WBK4me23 are 
nowbleas the facultative marks of yene loci that 
are repressed in pluripotent embryonic stem 
cells 


Germ Cells and Pluripotent Stem Cells: 
‘A Reversible Phenotype 

PGCs undergo dedifferentiation into pluri- 
potent embryonic germ (EG) cells when they 
afe cultured with basic fibroblast growth 
factor (bFGF), leukemia inhibitory factor 
(LIF), and stem cell factor (SCF) (3032), 
EG cells can only be derived from PGCS 
between EX.S and ENS when H3K27me3 
and H13K4me23 marks become prominent 
and when H3K9me2 is absent (29. 30), At 
the same time, PGCS show expression of 
pluripotency-assoviated genes Oct4. 5 

anal Nunog. Blimp is down-egulated during 
the derivation of EG ells, whereas PrmS is 
detected not only in EG celts but also in all 
‘other pluripotent cells, The loss of Blimp! may 
result in derepression of certain genes that 
maintain the germ cell lineage, such as Dhx38 
(Fig. 38), a target of Blimp PrmtS complex in 
PGC until E11.S (27). Reviprocally, ectopic 
expression of Blimp] in pluripotent embryonic 
ccareinonia (EC) cells leads to the repression of 
Dicc38. Ik will be of interest to determine 
whether the EC cells and indced all pluripotent 
stem cells acquire aspects of the PGC character 
Upon expression of Blimp 


Outlook 
Analysis of PGC specification in different or- 
«ganisms demonstrates both the differences and 
‘some common features of the mechanisms in- 
volved in their specification, An essential 
necessity for the germ ine cycle is to prevent 
4 loss of pluripotency and totipotency, which 
are lost from somatic cells as they begin to 
‘undergo differentiation. 

An emerging theme in PGC specification is 
the potential role of the arginine methylase, 
Prints. In flies, it scems to have a role as a 
[protein arginine methylase that acts on compo- 
nents of the germ plasm and helps to maintain 


its integrity through the involvement of Tudor. 
The role of Pris in the mouse PGC’ remains 
10 be fully clucidated. I also seems that Blimp] 
probably helps to direct PrmtS 10 its taruets, 
such as Dic38, but a-more comprehensive 
search for other targets is needed 10 unravel its 
role more fully in early PGCS, Further inves- 
tigations will deepen our insights on the 
specification of germ cells, the most eritical 
Fineage in all species, 
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REVIEW 


piRNAs in the Germ Line 


Haifan Lin 


‘Small noncoding RNAs have emerged as potent regulators of gene expression at both 
‘transcriptional and posttranscriptional levels. Recently, a class of small RNAS that interact 
with Pivi proteins has been discovered in the mammalian germ line and Drosophila. These 
Piwi-interacting RNAS (piRNAS) represent a distinct small RNA pathway. 


importance of small noncoding 
| INAS ats regulators of transcription, 
RNA stability, and translation is. he~ 
‘coming inereasingly evident (J). The recently 
discovered piRNAs differ from the known 
small interfering RNAs (siRNAs) or miero~ 
RNAs (miRNAs) in several 
PIRNAs interact with the Piwi, but not the 
Argonaute (Ago), subfumily of the Pi 
family proteins. Mouse Pivyi (Misi) is 
quired for piRNA biogenesis andor stabil 
(7), whereas mouse Ayo? is required for 1 
siRNA pathway. Second, piRNAS are 24 t0 31 


nucleotides (nt) instead of =21 nt. Third, 
piRNAs consist of mone than $0,000 different 
species, in contrast to several hundred species 


‘of miRNAs, Fourth, most piRNAS match to 
the genome in clusters of 20 10 0 ks in a 
strand-specific manner, with cach cluster 
likely representing a long single-stranded 
RNA precunor of, more often, two no 
‘overlapping. and divengently transeribedpre= 
cursors (Fig. 1A)(2), In contrast, RNAs and 
IWIRNAs re derived from double-stranded 
and short-hairpin RNA precursors. respective- 
ly. Finally, some piRNAs might positively 
regulate MRNA stability and translation (sce 
below), in contrast to the negative effect ofthe 
SIRNAS and miRNAs, 

In Drosophila, some piRNAs have been 
called repeatassociated SIRNAS (*rasiRNAs") 
(3.4, 6). However, unlike SIRNAS, these 
asiRNAs bind to Pivi, Aubergine (Aub), and 
‘Ago three Pivvi subfamily proteins, but not 
to Ago subfamily proteins. Moreover their ro- 
duction requires neither Dicer-1 nor Dicer2, 
Which generate miRNAS and SIRNAS, respec- 
tively (3), This, by definition, these risiRNAS 
ae piRNAS 

How are piRNAs produced’? They are 
likely produced from long single-stranded 
precursors. by yel-to-be-identified endonu- 
leases, In Drosophila, Piwi, Aub, and Ago3 
‘could be such endonucleases because they have 
slicing activity (, 6). For some transposon- 
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sophila, an additional 
* mechanism might be involved 
1 accelerating their processing fom pre~ 
cursors (5, 6) (Fig. 1B). This ts possible be= 
cause the Aub- and Piwvi-associated piRNAS 
match the antisense strand of DNA, showing 
strong bias for a uracyl (U) at the $° ends; 
yet Ago3<associated piRNAs match the sense 
strand and complement Aub- and Piwi- 
associated piRNAs in their first 10 nucleo- 
tides, showing a conserved adenine (A) at 
position 10, Thus, the Ago3-piRNA complex 
might guide and cleave the 5° ends of Aub- 
and Piwinassociated piRNAs, whereas the 
Aub-Piwi-piRNA complex might guide and 


Fig. 1. (A) A bidirectional piRNA cluster. (B) A 
proposed piRNA biogenesis pathway. The 
resulting piRNA-protein complexes then regu: 
late gene expression at the epigenetic or post: 
transcriptional levels (not shown). Ns, the 9th 
nucleotide from Azo in Ago3-piRNA; the ques- 
tion mark @), other nuclease. 
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cleave the 5° ends of Ago3-associated piRNAS 
(Fig. 1B). 
hha are the roles of piRNAs in the gem 
line? The genomic distribution of piRNAS and 
the function of their Pi proteins provide 
‘important clues to this question, Most piNAS 
‘map to uinigue sites in the genome, including 
intergenic, intronic, and exonic sequences, 
For example, only 17 t0 20% of mammalian 
pIRNAs map to annotated repeats, including 
transposons and retrotransposons (2). Thus, 
PIRNAs may have diverse functions. from 
epigenetic programming and repressing trans- 
position 10 posttranseriptional regulation, 
Each of these speculated roles is supported 
by the known function of their partner Piwi 
proteins. For instance, Pi 
regulator (83. It colocalizes with Polycomb 
{group (PeG) proteins to cluster PeG response 
sequences in the genome (Y), Thus, some 
PIWL-associated piRNAs may be involved in 
epigenetic regulation, In fact, gypsy piRNAS 
in Drosophila have been shown 10 down- 
regulate sense gypsy transcripts (10), In 
addition, Piwi prevents retrotranspoyan trank- 
n inthe testicular germ line (1), which 
exts a second role of Piwintssociatod 
PIRNAs. Furthermore, Piwi and Aub appear 
10 positively regulate translation in carly 
Drasophila embryos (12. 13). Similarly, Mii 
jten the stability (74) and, likely, tran 
IRNAs (5). Thus, some 
PIRNAS may have a third role in positively 
‘regulating translation and mRNA stability 
The discovery of piRNAs reveals a now 
dimension oF gene regulation, Future studies 
fn the biogenesis and the potentially diverse 
functions of piRNAs should substantially ad 
vance our understanding of gene regulation 
that defines the germ ine. 
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REVIEW 


Epigenetic Decisions in Mammalian 


Germ Cells 


Christopher B, Schaefer,? Steen K. T. Ooi,” Timothy H. Bestor,* Déborah Bourc’his”* 


Specific sequences are designated for de novo DNA methylation at CpG dinucleotides in 
mammalian germ cells The result is the long-term transcriptional silencing of the methylated 
sequences, most of which are retrotransposons and CpG-rich sequences associated with imprinted 
‘genes, There fs profound sexuat dimorphism in both the nature of the sequences that undergo de 
novo methylation in germ cells and in the mechanism by which de novo methylation is regulated. 
The restriction of future gene expression by the imposition of heritable methylation patterns in 
‘geim cell genomes is characteristic of mammals but is rare in other taxa, 


éenomie methylation pattems are largely 
Gps sis ttn Sd 

migration of primondial germ cells 
(PGES) and reestablished in sex-specitic 
patterns during spermatogenesis and oogenesis 
(2) Mest de novo DNA methylation is dinccted 
{o transposons and their remnants and. to 
ccastered repeats (primary pericentric satellite 
DNA), with lesser amounts at single-copy 
sequences and the differentially methylated 
ys (DMRs) of imprinted hei 2) CpG 
nds associated with promoter regions of 
onimprinted genes are mostly unmethylated 
(3). Lass of methylation, oF failure to establish 
inethylition pattems, reanimates retrtranspos- 
‘ons in germ and somatic cells and 
biallelic expression or repression of inpined 
genes fm embryonic tissues (4-6), Even 
disruption of methylation pattems can be Kebal 
and a broad range of devclopmental abnormal- 
ites is seen when specific genomic regions are 
abnormally methylated (7) 

‘The DNMT3AVB and DNMTI families of 
DNA eytosine-5 methyliransferases. are. 1e- 
sponsible for the establishment and mainte- 
nance of methylation pattems, respectively, and 
are expressed in most dividing 


A types 2) 
DNMT3L (DNMT3-like) is related in sequence 


to DNMT3A and DNMT3B but lacks enzy’ 
matic activity. Itis expressed only in germ cells 
and only at the stages where de nove methyl- 
ation oceurs (5), and acts as a regulator of 
DNMT3A and DNMT3B (\), Most Dit genes 
‘contain sex-specific germline promoters that are 
Activated at specific stages of gamstogenesis 
(9-11), These promoters give rise to germ cell 
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specific transcripts that lead to the production 
of truncated forms of the proteins, or to 
‘untranslated mRNAs that may have regula 
tory properties (Fig 1). The functional con- 
sequences of the altemative mRNAs and 

ire largely unknown. The oocyte 
form of DNMT! (DNMTI0) has a 


plasm of oocytes and persists in preimpt 
embryos where it enters nuclei at the 
HH stage to maintain imprint 
patterns (/2), 
DNMT3L-directed de nove 
‘oocuts in populations of nondividing 
‘both male and femake germ fines (Fig, 2) 
ever, methylation acquisition is a. pre 
phenomenon in the male germ fine, where it 
‘occurs in prenatal prospermatogonia, whereas 
methylation is acquired postmeiotically in the 
female germ line in growing oocytes that are 
arrested atthe diplotene stage of meiosis 1.5). 
Loss of DNMTBL results in very different 
phenotypes depending upon the sex examined. 
Deletion of Dnm3L in female mice prevents 
cestablishment of maternal methylation imprints 
in oeytes without marked effects on retro 
transposon methylation (5). The result is a 
imatemal-effcet lethal phenotype in which the 
heterozygous offipring of homey gous DruntiL- 
‘ull females (which are of normal phenotype) 
show biallelic expression of wenes that are nor 
Imally matemally methylated and repressed, 
This leads to abnormal development of extra- 
embryonic structures and death of the embryo 
belore mid-pestaion. 

The DnmtL-null phenotype in make mice is 
markedly different, Male germ cells that lack 
DNMTSL show fulminating expression of 
retrotransposons of the LINE-1 (long inter- 
spersed elements) and LAP (intracistemal A 
particles) classes, severe asynapsis and non- 
homologous synapsis at meiotic prophase, and 
eventual apoptosis of all germ cells. before 


pachytene (6), Methylation patter atthe small 
rrumber of patemally methylated DMRs are 
almost normal, but there isa failure © methylate 
retrotransposons, The DNMT3L. protein ap- 
pass to be essentially identical in both germ 
lines, but the timing of expression is markedly 
different in the two sexes, and the methylation 
phenotypes of Dnme3t-null male and female 
germ cells ate nearly mirror images, This 
implies that DNMTSL potentially interprets a 
Preexisting mark that is established by othe 

factors and located at diferent genomic regions 
in male premeiotic and female postmeioti 

germ cells: the nature of the mark may be a 
Particular postranslational modification 
6r set of modifications. This could explain how 
histone modifications (which have not been 
shawn to be subject 10 long-term passive 
inheritance) might be converted into heriuble 
pattems of DNA methylation that ean impose 
long-term transcriptional silencing on the 
affected sequences. 

The profound sexual dimorphism in th 
‘ontogeny of methylation patterns in male ankt 
female germ lines has a direct consequence on 
the genomic characteristics of the DMRs 
associated with patematly and maternally 
imprinted genes (13). De novo methylation 
eccurs shortly before ovulation in- growing 
oocytes, and methylation patterns ane 500m 
crased in the primordial germ cells of the next 
generation. CpG dinucleotides that are meth 
ated in the germ fine are rapidly mutated 10 
‘TPG and Cp dinucleotides (/4), and because 
female germline genomes are methylated for 
nly. a small number of cell divisions, the 
incidence of C—+T mutations at methylated 
sites will be low. In the male germ Tine, the 
entire cohort of prospermatogonia undergo de 
‘nove methylation in the perinatal period, andl 
spermatogonia must maintain methylation 
pattems for the lange and variable number of 
‘mitotic divisions that precede entry into melo 
sis, This increases the load of C—+T mutations, 
especially for the offspring of older males, andl 
the mutational pressures have led to a low 
density of CpG dinucleotides. in. patemally 
methylated DMRs relative to maternal DMRS 
and 10 an underrepresentation of paternally 
methylated DMRs relative 10 maternally 
methylated DMRs. For unknown reasons, 
‘maternally methylated DMRs usually span the 
Promoters of imprinted yenes, whereas pater- 
nally methylated DMRs can be located many’ 
Kilobases away from the affected zens, 

Diversity in the nature of the sequences 
designated for de novo methylation (singhe- 
copy versus repeated sequences, clustered 
versus interspersed organization) makes. it 
likely that mukiple signals direct de novo 
metliylation in germ cells, but the nature of 
those signals is unclear, RNA-directed DNA 
methylation (RDM) isa candidate, and such a 
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Fig. 1. Expression of germ cell-specific forms of Drmt family 
members. Red indicates germ cell-specific exons and spice variants 
at left; approximate developmental timing of expression of each 
form is shown at right. DNMTIs and DNMTLo are active DNA 
methyitransferases; ONMITp mRNA contains multiple stop codons in 
am alternative S'exon and is not translated. DNMT3L is expressed in 
both male and female germ cells but from different promoters, and 
a. tied alternative transcript, which cannot encode functional 
DNMT3L, is present in spermatids. De novo methylation occurs 
before birth in the entie cohort of prospermatogonia in males, but 
de novo methylation in females occurs before ovulation over the 
reproductive tile span of the female, Also, de novo methylation 
accurs long before spermatogonia enter into meiosis in males, but 
de novo methylation occurs only after the crossing-over stage of 
meiosis | in females. PGC, primordial germ cell 


Fig. 2. Expression of Onmt3L in female and 
male germ cells. A [-galactosdase-neomycin 
resistance marker was fused to the promoter of 
the endogenous Dnmt3t gene. Expression 
(blue) is seen in growing oocytes in the adult 
mouse ovary at let and in prospermatogonia (a 
nondividing precursor to spermatogonial stem 
cells) in the testis from a newborn mouse at 
Fight. Onmt3L is expressed in testis from ~7 
days belore birth to ~3 days after birth. 


divi 


which is re 
quired for microRNA (miRNA) 
processing and not produc 
RNAs 
(RNAs, which mediate the 
adaptive RNAV response), Loss 
‘of Dicer activity in mouse em- 
‘beyonic cal ines has a minimal 
ext on transposon methy 
ion and activity, and siRNAs. 
directed to transposable ele 
‘ments have not been identificd 4 
(7) Ieappcars that RNAi com 
ponents in mammatian cells 
may be used exclusively for 6 
MIRNA production under nor 7. 
smal conditions and that DNA 
mcthylation in’ mammals may 


to many ot 


forall risk 


(2008) 


apy 


‘not require input from an RNA — 49 
component. However, if an” oe), 
adaptive RNAi response docs 1 


ld 
be active only in germ cells, 
fan inter: 44, 


36 (2006) 
where the absence 
997. 


that 
as spermatogonia, 
germ cell development are likely to contribute 
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mechanism 
mnmalian 


repeat-sen: 
‘could operate in 1 
germ oxlls. as Well 
Enors in establishment or 
‘maintenance of germ cell meth- 
ylation pattems can cause human 
diseases, asin some eases of the 
imprinting disonlers Beckwith- 
Wiedeman, Angelmann, 
Prader-Willi syndromes. (7) 
High rates of discordance in 
monozygotic twins reported for 
rychiatic disorders may involve 
methylation abnormalities hit 
are in early development (yerm- 
Tine mutations cannot explain the 
discondance), and the paternal 
in schizophrenia may 
involve mors in the mainte 
nance of genomic methylation 
pratems during the many cell 
e germ cells must underyo 
Epigenetic errors during 


and 


re disorders in which neither 


genetic nor environmental factors ean account 
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Germ Cells 


REVIEW 


The Mysteries of Sexual Identity: 
The Germ Cell's Perspective 


Judith Kimble™* and David C. Page” 


‘Animal germ celts differentiate as sperm or eggs, depending on their sex. Somatic signals tel germ 
‘cells whether they reside in a male or female body, but how do germ cells interpret those external 
‘cues to acquire their own sexual identity? A critical aspect of a germ cell's sexual puzzle is that the 
spermvegg decision is closely linked to the cell-ycle decision between mitosis and meiosis. 
‘Molecular studies have begun to tease apart the regulators of both decisions, an essential step 
‘toward understanding the regulatory logic of this fundamental question of germ cell biology. 


em cells confront two major cell-fite 
G*= they move Fon oor 
mature state into the world of sexuality 
‘One decision is entry into a germline- 
specific cell eye 
the other is commitment to differentiate 
as sperm or egg, During emt 
development, yerm cells inerease their 
total cell number using the standard 
iitotc cell eyele, and they use that same 
«ell eyes in adults for stn et 
nance, Then, as germ cells mature, dhey 
‘embark on the meiotic cell evel, which 
reduces the number of ehremasomes 
from the typical tWo sets to a single set 
in both spenn and eges, Upon feria 
tion, Wo sets of chromosomes. are 
restored and the next generation can be 
Tuned. OF panicular importance for 
this review, the spemnegy and mitosis 
Ineiosis decisions are closely eoupked, 
Which stands out asa fundamental aspect 
‘oF gem cell regulation that is only be= 
tinning to be understood 


Questions About Sexual Identity in 
Germ Cells 

What dirvets a germ cel to diferente 
fas sperm of exe? One important and 
Jongstanding approach to this question 
has focused on how somatic tissues n= 
{uence the sexual identity of worm cells. 
Tnmice, the question is usually rephrased 
to ask what somatic cues direct germ 
cells to transition fiom mitosis to meio- 
sis; meiotic initiation is among the 
first signs of sexual dimogphism in the 
murine ovary (J). The molecular nature of 
gnaling depends on the onanism: a 


‘Howard Hughes Medical institute, Department of Bio 
cheisty, Univesity of Wiscnsin- Madson, Madison, Wt 
53706, USA “Howard Hughes Medical Institute, White- 
‘head Institute, and Department of Biology. Massachusetts 
Insitute of Technology, Cambridge, MA 02142, USA. 

“Ta whom correspondence should be addressed. Emait 
ikimblegowisc edu 


20 APRIL 2007 VOL316 SCIENCE 


called miciosis, and re 


variant hedgehog pathway in Caenorhaslitis 
elegans (2), the JAK-STAT (anus kinase: 
signal transducer and activator of transcrip 


‘Model 1: One decision 


Fig. 2. Germ cel fate decisions. As germ cells mature, they enter 
meiosis and diferentiate as sperm or egg. Germ cells are proposed 
to be uncommitted (green), female (fuschia), or male (bie). 


tion) pathway in Drosophila testes (3), and 
Fetinoic acid signaling in mice (4, 5), for ex- 
ample. The common theme across these 
species is that the soma uses well-traveled 
molecular pathways to signal germ cells and 
influence their sexual ientity 

{In this review, we eave the soma and focus 
‘on what fies downstream of somatic signals to 
control germ cell sexual identity, A prior, the 


spermiegg decision might be considered a 
distinct from the cell eyele decision. between 
‘mitosis and meiosis, which takes place in both 
sexes. However, the timing of the mitosis 
decision and features of meiosis itself (ex. 
recombination and symmetry of divisions) are 
oflen sex-specific, suzzesting a close relationship 
between the mitosisimeiosis and sperm/ces 
cisions. One must therefore ask three ques- 
tions: (i) What molecular machinery insie germ 
cells dinocts their differentiation as sperm oF 
(ii) What molecular machinery governs the tran- 
sition from mitasis to meiasis? and (ii) What is 
the relationship between regulators ofthe spem 
«gy and mitosis meiosis decisions? We consider 
two models, One idea is that the spermiegg andl 
‘mitosis meiosis decisions are wally one and 
sane (Fig. LA). Aecording to this mod, a sex 
specific regulator induces a sex-specific meiot 
cell eyeleand atthe same time commits the germ 
cell to differentiation as sperm or eeg, 
The other idea is that the two decisions 
are governed by distinet regulatory inputs 
(Fig, 1B). By this model. gender-neutral 
mechanism governs entry into. mciosis, 
regulators work in paral 
Jel o inluce sex-specific aspects of mosis 
and differentiation as sperm or exw. To 
nguish between these two ideas, the 
lecular mechanisms controlling both 
osis and. spermicge deei- 
be determined, That ul 
ttoal has not yet been reached for 
‘organism, but progress has becn 


ude, 
and a molecular solution to this puzzle is 
‘on the horizon, 


‘Molecular Regulators of Germ Cell Fates 
‘Our understanding of the mitosisimciosis, 
and spemm/ege decisions comes fiom 
studies in three model orpanisms--the 
nematole © elewuns, the frit ly Dre 
sophila melanogaster, and the mouse Mus 
musculus. We take a quick look at some 
‘of the key molscular regulators in. the 
following onder: regulators of mitosis, of 
‘entry into meiosis, and finally of difren 
tiation as sperm or eg. 

Germ cells are maintained in a state 
‘of undifferentiated mitotic divisions by 
sequencespecific RNA-binding proteins 
‘of the widely conserved PUF (Pumilio 
and FBF) family in both worms an! ties 
(6-8). In mice, two PUF proteins, called 
Pum! and Pum2, have been implicated in 
‘maintenance of germline stem cells, but that 
role has not yet been confirmed (9). In C 
elegans, FBF keeps got cells undifenentated 
and dividing mitotically by the direct repression 
of specific mRNAs that encode megulators of 
both entry into the meiotic cell eyele and sexual 
‘dentity (8, /0) In Hes, the mechanism is largely 
unknown. 
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Regulators that direet germ cells into the 
meiotic cell eycle have been found definitive 
in mice and nematodes. A novel eytoplasmi 
protein, called STRAS (stimulated by retinoic 
‘acid-8), governs initiation of meiosis in embry= 
‘onic mouse ovaries (17). In © elegans, three 
‘broadly conserved eytoplasmie proteins accom 
plish this feat—two RNA-binding proteins 
(GLD-L/quaking and GLD-¥/Bicaudal-C) and 
the catalytic subunit of an enzyme that adds 
adenosine residues to the 3” end of mRNAs, a 
poly(A) polymerase called GLD-2 (72). pose 
sible common theme is that the regulators are 
cytoplasmic, but without a better understanding 
of how STRAS functions, it is premature to 
conelude a conserved mechanism. 

Regulators of the spermiegg. decision have 
bye identified in C: elegans. Most notable ane 
FOG (feminization of germ line) and FOG3, 
Which both reside at the end of a complex 
regulatory pathway controling germ cell 3%, 
(13). FOG-1 isa homolog of the vertebrate 
CPEB (cytoplasmic polyadenylation element 
binding) trinstational regulator, and therefore ks 
likely 10 control gene expression at a post- 
transeriptional level (73. 14), POG-3, om 
‘other hand, bears an N-terminal motif typical of 
the poorly understood vertebrate Toby BTG pro 
teins; its molecular tole in controling germ cell 
se remains uncharted territory (5). In animals 
‘or FOG, germ celts that 
formally diferente as pst ane sesualy trans 
formed into ooeytes. Therefore, both FOG-1 ant 
FOGS promote the spent fate atthe expense of 
‘oogenesis 

The knowledge of mokccules governing the 
spemveue decision in nematodes makes it pos 
sible 10 ask whether germ cells are imeversibly 
‘commited! to their sexual identity. That qucstion 
has boon adresse! by turing key regulators on 
‘or off at will, which is dane using genetic tricks 
(eat. RNA-mediated interference). The answer is 
that sexual identity is bik: adult Females making 
‘eau ean be sWvitehed into spermatoyenesis (16), 
and! adult mak producing spemn can be switehead 
Wo oogenesis (75). Notably. germ cells adopt 
theirsexual fate at about the same time they keave 
the mitotic ell eyele and enter mcisis (77), That 
temporal coincidence underscores the connection 
between the two decisions but says Hite about 
the underlying mechanism or logic of their 
relationship, 

‘A prominent theme emerging from moxtet 
‘onganisms isthe use of RNA regulatory proteins 
to conirol germ cel fates. Why RNA regulation 
jis used fr fate regulation in germ eels remains 
matter for speculation. One idea is that diffeen- 
lition of germ cells as sperm or exe is actually a 
transient phenomenon that must be reversed after 
fertilization, Regulation at the level of mRNA 
stability or translation might facilitate that 
reversal. Indeed, RNA regulators have also 
tumed out to be critical for maintaining germ 
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cell totipotency--the capacity to support differ- 
entiation of all cell fites in the next generation 
(US). How these RNA reguisors interface with 
pigenctic regulation at the DNA level remains 
‘an open question and an interesting challenge for 
future studies. 


‘A Molecular Link Between the Mitosis/Mteiosis 
and SpermfEgg Decisions 
With specific regulators of the mitosis'meiosis 
and. sperméege decisions in hand, one can 
begin to explore their molceular relationship, 
The intial identification of certain regulators of 
the mitasivinciosis decision (e.g., GLD pro 
teins) and others of the spermicee decision 
(©.8 FOG-1) ent support to model 2 (0-13), 
However, more in-depth studies revealed that 
the GLD and FOG regulators actually influ 
cence both decisions, revealing multiple molec 
ular inks between them (73). Most notable ix 
FOG-1, which acts at the end of the pathway 
and is therefore likely 10 be one of its most 
important regulators. FOG-1 tums out to affect 
the two devisions in a dose-dependent manner, 
Promoting mitosis at tow fevels but driving 
‘germ cells into the sperm fate at high levels 
(J). Is this FOG-1 duality a bizarre solution 
specific to nematodes. or the harbinger of a 
more universal phenomenon’? In ennpus, the 
FOG-| homolog. called CPEB. promotes 
mitosis when present at a Yow level and yy 
meiosis when more abundant 
(19), In. Drosophila, the FOG-1 homolog, 
called Orb, has been implicated in controls of 
both entry into meiosis and germline sex do- 
‘eemination (20), It is wo early to conclude that 
this dual mechanism has been conserved, but 
the similarities are striking. Indeod,a molecular 
strategy in which a germline sexual regulator 
also promotes mitosis may explain the unusual 
tumors typical of putative germline sex deter- 
mination gencs in Drosophila (21), as well as 
‘having important implications. for testicular 
‘cancers in mammals. 

So, can we distinguish between the op- 
posing models set forth earlier. one arguing that 
the mitosis‘meiasis and spermiegs decisions 
are the same and the other that they are 
different? In nematodes, the two decisions turn 
‘out to be governed by many of the same 
regulators, which could be argued 1 support 
model 1. But FOG-1 influences the two 
decisions by a dose-dependent mechanism, 
which could be interpreted as supporting 
‘model 2. Low FOG-1 and high FOG-1 might 


in binding affinity, or the two FOG-I levels 
might affect the same mRNAs in different 
Ways, for cxample, promoting translation at 
fone evel but inhibiting it at the other. A real 
understanding of the relationship between the 
two decisions requires identification of the 
targets of both FOG-1 and FOG-3 and a 
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molecular explanation of how these 10 key 
regulators control their targets. 


Remaining Questions and Puzzles 
The intrinsic regulators of germ cell sex have 
fong been a mystery, but insights drawn from 
‘work in model organisms have now opened a 
tantalizing erack in that lange black box. Our 
first glimpse inside reveals some unexpected 
answers and a host of new questions, Will 
RNA regulation dominate the molecular 
strategy used to control erm cell fates? Or 
will transcriptional regulators, which have 30 
far been clusive, prove to be the real key? Are 
PUF proteins universal regulators of germline 
siem cells? What about other germ cell ite 
regulators like the FOG and GLD proteins? Do 
their vertebrate homologs also control genn 
cell fates, or have they been co-opted for th 
task in nematodes by some quirk of evoluti 
‘And. how do human germ cells fit into the 
picture? The answers to these basic questions 
fof germ cell biology ane now within experi- 
‘mental reach, 
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Germ Cells 


REVIEW 


Male and Female Drosophila 
Germline Stem Cells: Two 
Versions of Immortality 


‘Margaret T. Fuller® and Allan C. Spradiing? 


Drosophila male and female germline stem cells (GSCs) are sustained by niches and regulatory 
pathways whose common principles serve as models for understanding mammatian stem cells. 
Despite striking cellular and genetic similarities that suggest @ common evolutionary origin, 
however, male and female GSCs also display important differences. Comparing these two stem cells 
and their niches in detail i likely to reveal how a common heritage has been adapted to the 
‘differing requirements of male and female gamete production. 


gen line is emenging as one of the 

| best models for studying the biology of 
ult stem cells in vivo. Many organioans 

produce sperm and exes throughout their f= 
productive lives by classic high-throughput stem 
cell systems, although the active contribution of 
stem cells (SCs)t0 oogenesis in alt 


fascinate as the ultimate manifestation oF ste 
ress: maintaining the only cell type capable of 
pent generation and thereby 


Primary lesson fiom their study is the ime 
portance of the micwenvironmem (he stem 
cell niche) in regulating decisions between 
selfrenewal and differentiation (#5). The obb- 
servation that self-renewal depends on short- 
range signals from a supporting niche can 
account for many properties of stem cell pop- 
ations, including their ability to expand af 
ter transplantation to a stem cclt-depleted 
host. Dependence on niches might also defend 
against cancer, eapping stem cell numbers and 


wing in the wrong loca 


tion (6), 
In mates, the niche is limited to the space 
adjacent 10 a tightly packed plug of somati 


hhub cells at the testis tip. a region that is suf 
ficient to accommodate 6 0 12 GSC, In fe 
males, the niche is adjacent to four to seven cap) 
‘cells and supports two to three GSCs (Fig. 1) 
In both sexes, GSCs are maintained by direct 
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attuchment to niche cells via adherens june- 
tions and by receiving local signals that fail 10 
nulate genn cells located even one cell 
diameter away from the niche. Both niches 
also house somatic stem cells whose daughters 
enclose carly germ cells Intemally, GSCs 
share other distinctive features, including the 
sspectrosome: an aggregate of endoplasmic 
reticuhin like vesicles inherited asymmetrically 
during mitosis, Male and female GSC daugh- 
ters, known as gonialblasts or eystoblasts, re 
spectively, undergo synchronous. incomplete 
divisions to generate analogous 16-cell perm- 
fine cysts (Fig, 1. Aand B) Also, many genes 
‘common, including piwi, bum. 
respite these similarities, male 
shes exhibit considerable 


and female GSC 
differences, 


Different Signals 
The biggest known difference between the 
sexes is in the shortrange signals used 10 
spccify GSC self-renewal. Female GSCs are 
strictly governed by bone morphogenetic pro- 
tein (BMP) signaling from the niche, mediated 
by the ligands decapentaplegic and. glass- 
tomed beat (GBB) expressed in sontatic 
niche cells (J). BMP signaling represses tran- 
scription of ham (7), a key differentiation 
regulator that is normally tured off in GSCs 
(Fig. 1C), Bam acts with its partner, benign 
‘gonial cell neoplasm (BGCN), a large Ext 
bbox protein, to drive GSC daughters that leave 
the niche 10 initiate differentiation by an un- 
known mechanism. The cell-fate switch may 
bbe stabilized by activation of d-smurf, an E3 
ubiquitin Tigase that blocks residual BMP 
signaling by promoting degradation of the 
SMAD Medew (8). Forced expression of BAM 
in GSCs fips the switch and causes GSCs 10 
differentiate. Germ cell regulation by somatic 
BMP signals is probably an ancient mechanism 
(J. 9c however, BAM and BGCN onthologs are 
unknown outside Drsophila. 


The rks of BAM, BGCN, and BMP signal- 
ing ae all substantially different in males, where 
BAM and BGCN fiction to end rather than 
Initiate mitotic cyst divisions. BMP signal re- 
ception is still required 49 maintain GSCs and 
repress ham transcription, but GBB is expressed 
inst cells an the bub, and Aan is pressed in 
sgonialblass as well as GSCs (Fig, 1D). BAM 
misexpression can be toxic to male GSC, rather 
than just promoting differentiation, as it does in 
females (10) 

The primary task of controlling GSC self 
renewal in males is performed by a different 
signal the eytokine-Hike ligand Unpaired (UPD) 
(4. 5). UPD expressed by hub cells activates 
the Janus kinase-signal transducers and ae- 
tivators of transcription (JAK-STAT) path- 
way in GSCs to specify stem cell selfrenewal 
When a male GSC divides, the daughter re- 
taining contact with the hub maintains stem 
cal identity, while the daughter displaced away 
‘experiences a weaker signal and initiates dif- 
ferentiation, In contrast, female GSCs ha 
autonomous requirement for JAK-STAT sig- 
naling (1, 1), Thus, both female 
niches maintain GSCs and stimulate asym 
metric division by limiting access to a loca 
signal, but they rely on different signals fo Uhis 
function, 


Sexual Differences in Orientation 
For niches based on focal signa 
Program asymmetric fate outcomes, one 
ter cell must preferentially reveive the signal 
after stem cell division, This is aecomplistied 
bby oriented division: Nonmally, only one diugh- 
ter cell remains in the niche. In both sexes, 
' attach to niche cells via. localized aul 
horens junctions rich in E-cadherin (Fig, 1, C 
and D), Genetically disrupting the junetional 
components causes stem cell loss (7. 2), The 
‘mechanism used to displace exactly ane of the 
daughters from the niche differs between males 
and females, however. In males, anaphase- 
‘promoting complex 2 (APC2) colocalized with 
E-cadherin at the cortex where GSCs contact 
the hub (Fig, 1D) mediates a key polarity eve 
that orients the spindles of mitotic GSCs so 
that they lie perpendicular to the hub. There is 
rng evidence that stich a system ats in the R= 
mae niche, where space limitations may con 
strait a daughter cell from exiting the niche, 
Male and female GSCs also differ in the loca 
tion of the spectrosome, which mity reflect ax 
‘yet uncharacterized differences in centrosome 
ibohavior 

Centrosome positioning plays.a key roke in 
ensuring the correct spindle orientation in male 
GSCs (2, 12). Early in interphase, the single 
GSC centrosome localizes near ‘the cortex 
where it attaches to the hub (Fig. 1D). When 
the duplicated centrosomes separate, unusually 
carly in Gs, one stays next tothe hub, while the 
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Fig, 1, Male and female germline and somatic stem cells in their gonadal niches. (A) Ovariole tip 
(46 per ovary) and (B) tests ti. Germ cells, dark pink (GSCs) and light pink (cysts); somatic cell, 
‘green, blue (ESCs or CPCS), turquoise, and yellow; spectrosome (S) and fusome (F), red. (A) Female. 
CB, cystoblast; TF, terminal filament; CC, cap cell; EC, escort cell; FSC, follicle stem cell; FC, follicle 
ell, (B) Male, GB, goniatblast;C, cyst cell: black asterisks, centrosomes. (C and D) Key regulatory 


pathways of the niche, (C) Femal 


BMP signaling maintains GSCs by repressing expression of bam. 


‘Activation of STAT maintains somatic escort stem cells. Dp, decapentaplegic. (D) Male. Hub cells 
(H) express Upd, which activates STAT in GSCs. Yellow, localized APC2 and fi-catenin; black 
asterisks, mother centrosomes; green asterisks, daughter centrosomes. 


‘A Replacement 
“&? $8 


B_ Reversion 


a 


Fig. 2. Two modes for the replacement of lost 
stem cells. (A) Equal stem cell division, (B) 
Reversion of transit-amplifying cells in getm- 
line cysts. Dark pink, GSCS; tight pink, differ- 
entiating transit-amplifying cell; reen, somatic 
cells that provide the niche. 
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‘other migrates to the opposite side of the cell 
The stereotyped position of the centrosomes 
reliably orients the mitotic spindle perpendic- 
tlar 10 the interface with the hub. Perhaps 
because of its greater capacity to hold astral 
microtubules, the mother centrosome normal- 
ly remains next to the hub and is retained by 
the GSC through many GSC generations (Fig. 
1D) (22). It remains an interesting question 
whether preferential inberitance of the mother 
centrosome is important for stem cell fate or is 
a side effect of is tightly oriented divisional 
program, 


‘Stem Cell Partnerships 

Both male and female niches also maintain 
morphologically similar somatic stem cells 
interspersed among the GSCs (Fig. 1), Known 
ast progenitor cells (CPC) in males orescon 
stem cells (ESCs) in females, both produce 
squamous nondividing daughters (cyst or es 
cont cells) that enclose the GSC daughter des- 
tined for differentiation and persist to envelop 
its progeny (2. 1). Inthe niche, thin processes 
from the CPCs or ESCs cover mast GSC sur- 
faces, isolating GSC from cach other but not 
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from hub or cap cells. The close physical 
association of somatic and germline stem 
cells within a common niche probably facil- 
itates their spatially coondinated production 
of differentiating daughters that must work 
together. 

In both sexes, the proper interaction of 
germline and somatic cells 19 form eysts 
requires signals processed by the germline- 
specific rhomboid-class protease STET and 
received via the epidermal growth fact 
‘ceptor in the adjacent cyst or escort cells (3), 
and the relationship between these germline 
land somatic partners in a eyst appears to be 
Important for proper differentiation, JAK- 
STAT signaling plays a role in the female 
niche: ESCs require Stat to preserve ni 
function (77), Thus, although both mate and 
female niches use BMP and JAK-STAT sig- 
naling, these signals play sex-specific roles, 
Perhaps ultimately because of the very dif 
{erent functions carried out by Aa inthe two 
stem cell lineages, 


Rules of Succession 
Given theie role as cellular reservoirs, it was 
surprising to kearn that individual mate andt 
Female GSC turn over regularly (1,2). Iris 
now clear that replacement GSC for the 
affected niches can arise by at least (wo 
distinet mechanisms. New female GSCs 
proxluced aller GSC loss when a partner 
‘GSC divides parallel to the cap cell, caus 
ing both daughters to remain in the niehe and 
thecome stem cells (3) Fig. 2). The ability to 
undergo such symmetric divisions under the 
right circumstances has been postulated 10 

explain the expansion in stem cell numbers 
observed afler transplantation of mammalian 
GSCs into depleted seminiferous tubules (4) 
However, new GSCs can also arise from the 
reversion of transit-amplifying cells in yerm- 
line cysts up to at feast the eight-cell stage into 
fully functional stem cells (1S, 16) (Fix. 2), 
Reversion of differentiating cyst cls may 
‘normally be prevented by BAM, an insulating 
layer of escort or somatic cyst ectls, or other 
factors. Symmetric division is the only mech- 
anism that has been shown t0 replace female 
GSC im adults, tn contrast, there is no evidence 
at present for symmetric male GSC divisions, 
FFurthernion, in mammalian testes, a breakdown 
of the youngest undiflerentited spermatogonial 
yas is thought to replenish GSCs (17), Thus, 
mule and female GSCs may employ different 
lines of succession when theirreigning GSCs exit 
the niche 


Conclusion 
Finer aspects of regulation that differ between 
male and female GSCs lie beneath common 
general features, such as adhesion to stromal 
cells and dependence on close range signals. We 
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can only speculate about the selective forces 
that may be responsible for these differences. 
‘The fact that there is only | niche per testis and 
16 niches per ovary may explain the larger 
number of GSCs per niche in males. The more 
spindle orientation in 
s may bea eonsequence of the larger 
niche. This, in turn, may cause a preferential 
use of eyst reversion rather than symmetric 
GSC division t0 generate replacement stem 
cells. Nonetheless, tis probably safe to expect 
‘that cach stem cell type has become more or 
less specialized to the particular requirements 
‘oF the cells it supports. Thus, while searching 


for the common laws of stem cells, we must 
‘continue to expect the unusual and even the 
unique. 
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REVIEW 


Male Germline Stem Cells: 


From Mice to Men 


Ralph L. Brinster 


‘The production of functional male gametes is dependent on the continuous activity of germline stem 
‘els, The availabilty of a transplantation assay system to unequivocally identify male germline stem 
‘ells has allowed their in vitro culture, cryopreservation, and genetic modification. Moreover, the system 
has enabled the identification of conditions and factors involved in stem cell self-renewal, the 
foundation of spermatogenesis, and the production of spermatozoa. The increased knowledge about 
these cells is also of great potential practical value, for example, for the possible cryopreservation of 
stem cells from boys undergoing treatment for cancer to safeguard their germ line, 


ake germline stern cells calla p= 
M natygonial stem cells (SSCs) in post 
natal mammals, are the foundation of 
spermatogenesis (ihe process for sperma 
production) and, together with oveytes from 
females, are essential or species continaty. SSC 
reside on the basetent membrane of the seminit= 
‘rou tubule in the rests and ane almost compete= 
ly surrounded by somatic Sertoli cells, which form 
4 microenvironment oF niche. Within the niche, 
‘growth fictors and exnceular signals regulate 
the fie decisions of SSCs ether to selFrenew or 
to form daughter cells that will begin the compe 
differentiation process of spermatogenesis, result 
ing in mature spermatozna afer about 35 cy in 
the mouse andl 64 days in the human (7, 2). The 
Timing of sequential steps in spermatogenesis i 
tightly regulited by genes of the gem cell, and 
Sertoli cells support the differentiation process. 
‘The fist sep in spermatogenesis is the fite 
ecision of an SSC to produce dauhier cells ene 
ried 10 diferentation, There are no known 
unique biochemical of phenotypic markers. for 
sistingushing SSCs town their initial dauzhters, 
«alk uraiferentite! spermatogonia. This Hita- 
tion has hampered sti on the biology of SSC 
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However in 1994 a spermatogonial stom cal assy 
was reported in mice that idntifiad SSCs by their 
ability 10 gencrate a colony of spermatogenesis 
after transplantation tthe seminiferous tubules of 
a recipient make. Ifa sulicient number of SSCs 
were transplanted, progeny displaying the donor 
Iapletype were prediced by the recipient (3) 
Subsequent studies showed that SSCs of all 
nammalian species examined (ex, rat, rabbit 
‘dog, pi cow, baboon, and human) would colonize 
the seminiferous tubules of immunodeficient mice 
and generate colonics of sem cells and els that 
appeared to be carly differentiating daughter 
spematogonia (/. 3). These results indicate that 
signals in the stem cell and niche erst have been 
hhighly conserved among mammalian species 
during the cause of the 100 million yeas since 
the phylogenetic divergence of mice an! humans. 
Mexoover, unlike mature spermatozest, which are 
Ulifficult to eryopreserve and require species- 
specific procedures, SSCs from all of the species 
‘cxaminad can be cryorescrved fr kang periods 
with common techniques used for somatic cals). 

The availablity of the transplantation assay 
made it possible to study SSCS in culture (4) and 
thas ed to the continuous replication of mouse 
SSCS in vitro (5). Glial eel Tine-derived neuro- 
‘topic factor (GDNF) was identifi as a ertical 
factor in vivo for the replication of spermatogonia 
(6). to vitro studies using serum-fiee culture 


‘medium demonstrated that GDNF isthe primary 
10th factor suppoming mouse SSC selFrenewal 
(The development af culture methods has le 
toa wide range of studies on SSCs in vito (8, 9 
GDNF binding and signaling ooeur through 
GDNF-fiily receptor al (GER) and the Ret 
recepior on SSCs and undierentiated sperato- 
sonia fepet ‘oth GRi! and Ret ae satis 


caichrment (10, 1). Selection with antibodies 10 
thymmas call antigen 1, however, produces a S- 0 
10-fold enrichment of SSCs, generating excellent 
«ll populations for studies on SSC (10, 12). 
the presence of GDNF, SSCs grow on 
foadercellsas islands or clumps of cells. GDNF 
is removed, the clump cells begin 40 grow in 
luins resembling the initial stages of sien ell 
dlifferontation, as seen in vivo (2, 12-15), Thus, 
GDNF appears 1 be a primary regulator of the 
selfrenowal versus differentiation fite decision 
for mouse and rat SSCs (7,14, and itis probably 
conserved selrenewal signal forall marmmaian 
SSC3(7, 14, 15). Similar to embryonic stm cells 
(ESCs), SSCs grow in vitro on feeder cells in 
‘slarlsor clumps, and they stain postive for POU 
domain class $ transcription factor 1 (Oct 84) 
and alkaline phosphatase (7). These observations 
suggested that SSCs might be pluripotent. How= 
ver, whereas ESCs readily generate teratocare 
‘nomas when transplanted in vivo, SSCs do not 
form tumors under similar conditions (3, 7), 
Whether the normal adult SSC can be induced 
tw become paripotent remains controversial, 
The availability ofa fimctional transplantation 
assay and a culture system that alls Toner 
replication of SSCs made it possible to examine 
‘intracellular steals that inlanceselFrenewal ant 
ferentiation in vitro ina rigorous manner that is 
‘nt available for most adult tem cells (76). These 
studies demonstrated that Ort 3/4 and SRY-ba- 
containing ene 2 (Sax 2), which regulate Nenos, 
aa exprened in SSCs However, Nang, the key 
determinant of ESC selEzenewal and pluripotency, 
BS not cywessed in SSCS (U6). Therefore, the 
signaling mechanisms that maintain sexenewal in 
SSCs and ESCs ate diffrent. These stuies also 
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‘demonstrated thatthe expression of genes fr three 
transcription factors, # ell CLL fomphioma 6 ment 
ter Bi (Bult, Exsrdated molecule (Erm), and 
LIM homeobo 1 (Lec, is highly regulited by 
GDNF jin vitro, Functional SSC twnspantsion 
assays confined the importance of Bch, ad its 
ierefe likey that Erm and Li inflasnce SSC 
selreewal (16). Erm expression in Sali cll is 
also believed to alect niche function (/7), Other 
sties indicate an important role in SSC self 
renewal for pronnetocyte leukemia zinc-finge fie~ 
tor (Pl), TATA inding protéinassoctated factor 
46 (TAFAD), wn potas Nanas 2 (NOS2)( 8-20, 
but GDNF does not regulate these gsncs (76), 
Therefor, the mechanism of their action is unekar. 
‘Although the culture and transplantation 93 
toms have made it posible to study SSC sell 
renewal the absence of similar systems for germ 
cell diferentation stages of spermatogenesis has 
complicated the examination oF regulatory mee 
‘nisms for this process. Moraove, the intricate 
Ahreedimensional structural ongmization of sper 
matogenesis has compounded the problesn. In 
alton to surrounding the stem cello provide a 
regulatory niche, the Sertoli cell extends ~90 jum 
fiom the basement membrane to the kamen ofthe 
iniferous tubule, contacting and surrounding 
xgerm cells in many stages of lerentiation 
Furthermore, an individual genn cell may associ- 
‘te with more than one Sertoli eal (2.13 
the basement: membrane 
spemutogonia, including SSC 
cetatod spermatogonia, These cells are GDNI 
responsive but do not display the &-Kit tyrosine 
kinase recep on their surface (7, 8). enitical 
Sep to initiate their conversion to iereniting 
spermatogonia. is probably a signal 10 express 


it. Then, the binging of the stem cell factor Kit 
ligand, from Sertoli cells to the ¢-Kit receptor, 
could initiate the remaining differentiation 
pathway. This tp from undifferentiated to ditfer- 
‘ctiating spermatogonia appears to be a critical 
regulatory point in spermatogenesis, The timing 
‘oF subsequent ssp in differemtiation is controlled 
by germ cell genes (/). An exciting new area of 
spermatogenesis regulation involves small ini 
fering RNAs, evolutionarily conserved molecules 
‘that inhibit gene expression and are present in 
‘germ eels throughout spermatogenesis (21), 

The ability to recover, copresen, culture, 
and transplant SSCs has stimulated new ap- 
‘roaches 10 understanding the biokzy of these 
important oll. thas ako provided an oppor 

for practical and medical applications of 
SSCS and. makes individual make germ lines 
Potentially immoral, The continuous fong-term 
increase in the number of SSCs in culure now 
allows for the introduction of genetic mexifca- 
tions through the gem line with methods 
developed for somatic ells and ESCs, Potentially, 
any genetic manipulation, inching targeted gene 
knockout or correction, can be used in all 
nammalian species for which culture consitions 
are developed. However, in humans, clinical and 
ethical imitations will be critically important, 

Siem coll recovery and cryopreservation may 
‘be applicable to all mannan species and cou 
‘be used to preserve the male germ fine of valuable 
Hivestock animals, companion animals, and ex- 
dangored species. Peshaps the mast provocative 
and potsiilly valuable medical application of 
SSC research is for prepubertal boys undoing 
chemotherapy or inadiation for cancer (9). In 
many eases the SSC are destroyed aa side efloct 


Fig. 1. Male germtine stem cell preservation. Before treatment for cancer by chemotherapy or 
inradiation, a boy could undergo a testicular biopsy to recover stem cells. The stem cells could be 
‘cryopreserved o, after development of the necessary techniques, could be cultured. After treatment, the 
stem cells would be transplanted to the patient's testes for the production of spermatozoa. 
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‘of tweatment, and the patient is Heft infertile. is 
possible to obtain a testicular biopsy and eryo- 
Preene a cell suspension produced fom the 
biopsy. This cell suspension containing SSCs 
ould then be transplanted back into the patient's 
testes at any ae afler treatment, potentially re- 
suhing in recolonization of the testes and sperma 
toa production (ig. 1) Development of euhure 
techniques for human SSCs will facilitate this 
Ampowtant medical application. 

There are many possible future directions to 
pursue. Thice panicularly important areas inclke 
{i the fartr definition of factors and signals that 
support sexenewal of SSCs. native to those that 
Initiate differentiation in order to provide a better 
understanding of this fie decision; (i) the ex 
tension of the serum-foe culture system to other 
species, inching domestic animals, endangered 
species, and humans to confinm that selFrenewal 
signals are conserved among mammals and For 
relevant applications: an (ji) the development of 
methods 10 allow in vit difleentation af stom 
cts provide mature spermatozoa, which would 
bbe enormously valuable in understanding the 
complex. process of spermatogenesis and! won 
have great practical use, These advances. will 
dramatically expand the applications of SSC, 
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REVIEW 


The Maternal-Zygotic Transition: 
Death and Birth of RNAs 


‘Alexander F. Schier 


‘Maternal gene products drive early development when the newly formed embryo is 
‘ranscriptionall inactive, During the maternal-rygotic transition, embryonic transcription is 
initiated and many maternal RNAS are degraded. Multiple mechanisms regulate the birth of zygotic 
RNAs and the death of matemal RNAS. Genome activation appears to rely in part on the 
Sequestration of transcriptional repressors by the exponentially increasing amount of DNA during 
‘cleavage divisions. Maternal RNA degradation fs induced by the binding of proteins and microRNAS 


to the 3' untranslated region of target RNAS. 


Q achieve the striking ineease in cell 
| ‘number aller fenilization, most animals 
devote their early development 10 rapid 
and synchronous cell eyeks (7). Whereas the 
‘overall amount oF eytoplasm. inthe embryo 
renin constant, the number of nuclei and 
amount of DNA increase exponentially. During 
this peril, MRNAS an! proseins provided to the 
‘egy by the mother drive development 
By conttst the embyonie wenoae is 


transcriptional activated only at knee A 
cell eyeles. This tnsition ftom a 
rmatemal toa zygotic make of develop 


ment has been called the midblastula 
transition (2) or matemmal-zygotic 
transition (MZT) (Fig. 1). It often 
coincides: with cell eyele lengthen 
find the degradation of many maternal 
RNAs, Here [review our current 
understanding of the mechanisms that 
regulate the birth of zygotic RNAs and 


the death of matemal RNAS, 

At least three mechanisms have 
beet implicated in the silencing of 
the zygotic penome during early de- 
velopment: (i) chiro rediated 
repression, (i) deficiencies in the tran 
scription machinery, and (ii) tran 


scriptional repression or abortion by 
rapid cell eyeles. The first evidence for 
repressors was. provided 25 years ago, when 
Newport and Kirschner reported that a premature 
increase in the numberof nucle or the amount of 
DNA resulted in premature initiation of el eyele 
Jenuthening and zygotic transcription in Nenopar 
embryos (2, 3), These reas, and related studies 
in Drosophila and zebrafish, have suggested that 
the nucleo-eytoplasmic mie and the tiation of a 
transcriptional repressor by the exponentially 
increasing amount of genomic DNA determine 
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the timing of MZT (the “excess repressor 
modk!”). The key factors that noed to be titrated 
are sill clus is conocivable that his- 
tones oe other cron 
silencing until ert 
(4.5). Gone-specitic DNA methy 
‘hoe implicated in repression. Depltion of the 
netiylansferase Dat! or of Kaisa transrin- 


Time 


Fig. 1. The maternal-zygotic transition (MZT. Maternal RNAS are 
deposited by the mother into the egg and drive early development, 
These RNAS are degraded during diferent stages of embryogen- 
sis, including blastula and gastrula stages. The embryonic 
genome & initially vanscriptionaly inactive until the MZT, when 
aygotic genes are starting to be transcribed. 


tional repressor binding 10 methylated DNA, 
results in the premature activation of a subset 
‘of genes (6). These studies suggest that multiple 
chiromatin-mediated mechanisms preventy gotic 
‘genome activation. 

AA dean o¢ inactivation of components ofthe 
transcription machinery might be a second 
strategy for gene silencing before MZT (the 
“fimited machinery model”). For example. pre- 
mature expression of TATA-binding protein 
(TBP), a component of the transcriptional 
machinery, can induce premature activation of a 
subset of genes (4, 5). Analogously, misexpres- 
sion of strong anscriptional activators can cause 
precocious transcriptional activation. These 


conclusions are mainly based on the study of 
Injected extrachromosomal DNA, and it the 
fore remains unclear to what extent the limited 
‘machinery model applies to endoyenous wenes 
The rapid cell cycles lacking Gy and G 
phases might constitute a third stmtegy that 
imerfores. with productive transcription during 
carly cleavage stages (Ihe “rapid cell cycle 
model), DNA replication ean interfere with 
‘sanscription, and mitosis can lead 10 the abortion 
fof nascent transcripts (7), Conversely, exper 
‘mentally induced cell eyele lengthening can Kea 
0 premature transcription (8), 
Although the excess repressor, limited ma 
‘and rapid cel cycle models can account 
for some aspects of MZT, they do not explain 
‘whly several gones are already activated during, 
carly ckavage stages and why zygotic genome 
sctivation is gradual and gene-specific process 
(9-11), These observations suggest that some of 
the mechanisms underlying zygotic genome 
activation remain wo be discovers. Morsover, 
‘manmnals activate zygotic transcription wt very 
carly cleavage stages (ct, the mouse genome is 
activated at the two-cell stage) (7). It is con 
ceivable that in mammals there might be 
sufficient time to assemble transcription 
complexes at early cleavage stages be 
‘cause the col eyekes are very long, but the 
exact mechanisms are els 


ibryeenesis, many mater- 
al mRNAs are degraded, Degradation 
removes gene products that might inte 
fere with later development, This rg- 
‘lated maternal mRNA destabilization is 
mediated by sequences in the 3 une 
translated region (3 UTR) (/2), Regus 
latory RNAs or proteins such as Smaug 
‘or EDEN-BP bind to these sequences aril 
induce the deadenylaion of target 
mRNAs, which are then prone to deyrs 
dation by nucleases, Recent studies in 
-zetvafigh have identified the microRNA, 
‘miR-430 as a potential link between 
aygotic genome activation and the decay 
(of matemal mRNAs (13), MicoRNASs are 
short RNAs that bind 10 the 3° UTR of 
tanet mRNAs to repress their translation an! 
accelerate their decay. miR-430 targets several 
Jnunxired matemally provided mRNAs by binding, 
40 complementary sites in their 3” UTR and 
remoting their deadenylation, In the absence of 
‘mi-430 activity, these mRNAs accumulate and 
ae thought to interfire with embryonic mompho- 
genesis. mi-430 expression initiates at MZ, thus 
linkin genome activation and matemal mRNA. 
dezradation. 

In summary, mukipke mechanisms regulate 
RNA synthesis and degradation during carly 
embryogenesis. It remains unclear, however, 
‘whether most of the observed phenomena can 
be explained by a few key regulatory princi 
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ples, such as the nveleo-cytoplasmic ratio or 
microRNA-induced mRNA degradation. Future 
studies may also be relevant to the field of ani- 
mal cloning. Cloning experiments rely on the 
reprogramming of donor nuclei by enucleated 
‘eqax. Thus, the milieu that knees the zygotic ws 
nome also reprograms transferred nuck. Hence, 
uunderstnding the mechanisms that undertie 
zzotic genome silencing will inform the design of 
Feprogramming strategies (4). 
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REVIEW 


Regulation of the 


Oocyte-to-Zygote Transition 


‘Michael L, Stitzel™? and Geraldine Seydoux* 
Oocytes, the f 


le germ cells, contain all the messenger RNAs necessary to start a new life 


but typically wait until fertilization to begin development. The transition from oocyte to fertilized 
‘99 (2ygote) involves many changes, including protein synthests, protein and RNA degradation, 
‘and organelle remodeling, These changes occur concurrently with the meiotic divisions that 
produce the haploid maternal genome. Accumulating evidence indicates thatthe cell-cycle 
regulators that control the meiotic divisions also regulate the many changes that accompany the 
‘oocyte-to-zygote transition. We suggest that the meiotic machinery functions as an internal 
pacemaker that propels oocytes toward embryogenesis. 


pie ‘onmia (Everything fom an ex). 
How docs an exe become “every 

ling"? The journey begins with ane of 
the most complex cell transformations in ok 
‘oxy: remodeling of a fenilized oocyte into a 
Totipotent zygote. Remarkably, this transition 
‘oceurs inthe absence of transerption and thene= 
fore depends on messenger RNAs (mRNAs) 
accurnulied in the ooeyte during oogenesis. Fully 
own oveytes contain & dizzying amay of RNA 
mewsages,conmesponding to 20 10-45% ofall mouse 
stones (2.3) anal $8% of all Drosophe weres (9! 
‘These transerpts guide oocytes during two make- 
‘overs on the Way to becoming zygote: oocyte 
maturation and ews activation. During oocyte 
‘maturation, extracellular signals stimulate ooeytes 
auested in prophase of cis Ito enter meiotic M 
phase and initiate the meiotic divisions (5), 
Typically, oocytes are ovulated and become 
‘competent. for fertilization before reaching a 
second arrest point (metaphase of meiosis in 
Imma). Exe oetivation, triggered by sperm 
entry in many species, completes the transfie- 
Imation to zygote by signaling the completion of 
miosis, the fornation of pronuclt, and the fist 
mitotic division (6), In this Review, we discuss the 
changes that accompany each ofthese transitions, 
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addressing strategies of gene activation, gone 
Inactivation, and onpanele remodeling. 


In with the New... 
Oceyte maturation requires the synthesis of new 
proteins Interdopendent translational activation 
events ensue that prdcins are produced in the 
comet succosion (7). For example, early during 
fexcyte maturation in Nem, tanstaion of the 
ceyelindependere kinase (CDK) binging. protcin 
RINGOSSpy activates maturation promoting factor 
(MPF; CDK etin BI complex). Active MPF in 
‘um silts the transtin of proteins nok 49 
maintain metals If ames in the matured oocyte 
(Fig. 1) Daring exe activation, akliional RNAS are 
recruit fr tansation A study compuring matures 
coxxytes and zygotes reveaka! deamatc diflenences 
in polysome-avocintad RNAS, with neatly onc- 
third of wanscrips (29%) showing differentia 
tramstition bawom the two stuxs (8). Ooeyte 
Pobsomes were enriched for transcripts nonin 
Protcns implicated incr homoontas, whereas 
Ayentic polysomes were enriched for transcripts 
implicate m1 racromokcular bioyrthos 

How are oocyte mRNAs activated for trans 
lation? tn many cases, activation depends on 
Hiberting mRNAs fiom complexes that block 
translation initiation (7. 9), For example, in mouse, 
clam, and Nemopus oocytes, mRNAs that con- 
{in cytoplasmic polyadenylation clement (CPES) 
in their 3° untranslated region are stored with 
shot poly-adcaylated [poly(A)] tals and bound 
by a translaton-repressing complex containing 
the CPE-binding peotein (CPEB) and its partner 


Mackin. Maskin binds the cap-binging protein 
AAFAE, preventing the reeiiment of the trans 
[ution initiation factor efF4G, During ncyte mat- 
uration, phosphorylation of CPEB stimulies 
Pehadnybt and eruitnent of poly(A ining 
protcin bound to cIFAG, Incoming clFAG ise 
places Maskin from el FE, allowing formation of 
‘he initiation complex (7), 

As fit recognized in clam oocytes (10, 
‘rarlatioal activation of oocyte MRNAS is often 
linked to poly(A}ail extension, but the wo can 
aly occur independently. For example, in Dire 
snphila eggs, cyclin B mRNA is kept transation- 
ally silenced by the RNA binding protein Punillo 
(11) Daring eax activation, the PAN GU) 
activates (by an unknown mechanism) ey 
mRNA translation and poly(A) tail extension 
(4.12. In.pan gu mutants, forced expression of 
poly(A) polymerase ix sullicient to rescue poly 
‘nkeylation of eatin B but not transition (4), De 
‘sion of Puiio has ths opposite eff: tran 
's reson, but polyadenylation is not (7). These 
dvervations suggest that both polyacenylation- 
‘npn nd polyaaknyltion-ependent mech- 
anissactivate transition in oneytes, an! a chalks? 
forthe future will be to define the requirements 
for each mechanism. Another important qusstion 
is the extent 8 which mictoRNAs coniribute 10 
translational repression in oocytes. A nent survey 
of nearly 1000 Drow oocyte pins found 
cnty 4% wit increased abundance in Dicer me 
tunis, susestng that microRNAs regulate ony a 
minority of mRNAs in oocytes (2, 


+And Out with the Old 
Ooeyte maturation and exe activation also 
ssinmate mRNA degradation, 
transcripts are degraded during maturation in mice 
(3). Degradation is selective and preferentially 
Feimoves transcripts required for prophase ames 
and opeyte maturation (3), Further degradation 
‘occurs after fertilization to usher the transition 49 
~zyuotic control (2, 9, 13), Mechanisins of RNA, 
{degradation an activation of zygotic transcription 
are discussed in an accompanying Review (7), 
Proteins ae also tarectd for deyradation during 
‘he oocyte40-7ygote transition. Components of the 
biquitin-proteaseene pathway are well represented 
in the oocyte tamserptome (2), and several studies 
ave reported examples of proicin tumover in 
mouse (15-17, Xenopus (18), zbratish (19), and 
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Cacnorhalnkts elegans (20) oxxytes anti eatly 
embryos. Protein degradation offen serves 10 
inactivate proteins that are needed carly in the 
transition ut that woukd be harmful er, For 
‘example, CPEB functions early in oocyte maturae 
tion (eseribed above) but is partially: deyradat 
during meiosis 1/8), Injection of a degradation- 
resistant form of CPEB in Xenopus oocytes ins 
fered with traslatice of eyetin BI and progression 
to mosis I (1). Similarly in Cele, success 
ful transitions from meivsis to mitosis requires 
degradation of the microubule-severing complex 

MEV MEF2 (209, MEF and MEF2 are ruined 
for meiowis but, if maintained during mitosis, 
interfere with growth of the first mitotic spin. 
Protcin dgration is also used to restrict proteins to 
specific areas ofthe ex. For example, in Drosopi- 
ila, © elegans, nk zcbraish, gesmlinespecitic 
prin ane dey fom the somatic regions of 
the emerging embryo (22). fn thi respect, protsn 
degradation nay be viewed asa way to pally 
‘erase the germline program of the exe to promote 
totpotency in the zygote, Comprehensive pric 
imi appreiches will be needed fo reveal the extent 
‘of protein degradation during the oneyte-iorygote 
transition and its contribution io oocyte remodeling 


Reshuffle What's There. 
Changes during the ooeyie-to-zygote transition 
ne no restricted to proteins and RNAs but also 
affect cellular onsanetles. The meiotic divisions 
clit many changes in the eoeyte nucleus, but 
‘organelles. inthe cytoplasm ant at the cell 
periphery ane abo alletal, Ratistribution of 
mitochondria and endoplasmic reticular (ER) 


have been documented in several onsanisms, In 
_Xenopns,reistebution of the ER-rich mitochon- 
drial cloud tothe vegetal cortex has been linked to 
localization of ysrnline determinants (22). Daring 
‘ooeyte maturation in Xenopus and mouse, ER- 
rival vesicks also align undemeath the plasma 
membrane (23). This redistribution may fciitate 
propagation of Ca°* waves at fenilization (sce 
below) by moving Ca stores closer tothe site of 
spn entry. Afler ee activation, cortical ER 
luster are e-intemalized (241. Perhaps the most 
dramatic rearrangement following feriliztion ix 
the rapid fasion of cortical granules with the 
plasma membrane to prevent polyspemny (28). 
similar fusion event was recently described in C 

‘elegans involving vesicks rich in eayesin (25), 


s--And Time It Just Right 

What signals initiate these changes? Ooeyte 
‘maturation typically is started by extracellular 
Tiganals (23). Egg activation, in contras, depends 
‘on Cx signaling inside the ogg. In mammals, 
Ca signaling may be initiated by aspen 
specific phospholipase © (PLC). which acti- 
Yates phosphoinositide signaling at feriliztion 
to generate several Ca” waves (6), Remarkably, 
the exs appears to “count” each wave, with cay 
responses (cortical yranule execyleais) requiring 
fewer oscillations than later ones (resumption of 
the second meiotic division) (6), 

Several ines of evidence suggest that, after 
these inital triguers, the cell eyeke machinery 
assumes control of sulsexquant events For exam 
pk, degradation of CPEB during meiosis 1 in 
Xenopnes depsrads on phowpborylation by: MPF 


Fig. 1. Schematic of oocyte maturation and egg activation events in vertebrates. (A) An extracellar cue 
initiates oocyte maturation, stimulating the translation of specific mRNAS or example, Ringo‘Spy’in Xenopus] 
leading to MPF activation, CPEB phosphorylation leads to translation of additonal transcripts required for 
meiotic progression (29). ER-derived vesices (gray) and cortical granutes (Hue) acumulate below the ego 
plasma membrane Oigef, Xenopus guanine exchange factor; MAPK, mitogen-actvated protein kinase). (B) 
Fertilization triggers egg activation inthe matured oocyte. In mice, 2 sperm-specfic phospholipase C isoform 
(PLC-) has been proposed tobe detivered into the oocyte at fertilization. Increased inositol 1.4, S-risphosphate 
(i) stimulates calcium (Ca) release from the ER, which signals cortical granule exocytosis (bue) and meiosis 
1. Cell yee resumption in tur drives internalization of cortical ER vesicles (purple aon. 
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(U8), Simiarty, imemalization of ER granules 
during cee activation in mice depends on cell 
gycle resumption (24) (Fig, 1), nC elexans, 
mutations that prevent the fist meiotic division 
Wock MELI degradition and caveolin vesicle 
fasion (25, 26). Conversely, premature entry into 
[M phase by removal ofthe MPF inhibitory kinase 
WEE-| jumpstats MEI-I degradation in immature 
coeytes (26). The remarkable dependence of 
several aspects of the oneyteto-yote transition 
‘en meiotic progression suggests thatthe coll eyele 
machinery serves as an intemal master timer that 
dives and coordinates the transition. 

Exe quality isoflen cited asa croc parameter 
for success in assisted reproductive technologies, 
yet the molecular processes that contribute Wo eee 
{quality remain poorly defined (27) Increased 
understanding of the signaling and remodeling 
events that shape the eneyte-ozy got transition 
will be critical 1 provide more detnitive rier 
for what consitutes a “healthy” ewe. Already, the 
realization that the mciotic machinery dives many 
aspects of the transition raises questions about the 
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REVIEW 


Gametes from Embryonic Stem Cells: 
A Cup Half Empty or Half Full? 


George Q. Daley 


‘When first reported 4 years ago, gametogenesis from embryonic stem (ES) cells promised an 
accessible in vitro model to facilitate molecular analysis of the germ lineage. Formation of 
primordial germ cells is robust, but terminal gametogenesis remains inefficient and doubts 
‘about gamete function persist. Although useful for research, clinical use of ES cell-derived 


‘gametes appears a distant prospect. 


human and mouse embryonic stom 
B: yl have phy the rar 
able capacity 1 form all tissues in 
body, When mouse ES cells are transplanted 
imo early embryos, ES cells can sustain the 
entire somatic and gemnine development of a 
mouse. Although this proves that ES eels form 
ames as pat of the complex choreography of 
mbryonic development, deriving gametes sok 
Iy in vito seems a daunting challenge, Gasmetes 
mature in a niche with specialized supportive 
cells andl a highly regulated hormonal milieu. 
nd it seems implausible that such a structure 
shouk! selEassemble in vite, How coukt the 
most specialized of cells—the ex and sperm 
arise ina petth dish? A critical review of the 
Fiterature shows that ES cells support the earliest 
stages of gem lineage formation in cell culture 
but donot robustly generate functional haploikt 
notes, making clinical applications inineity 
"untenable at this time, Nevertheless, the immense 
fale W9 research that Would follow from ann 
Vitro system for gamete production, and. the 
Potential for applications in animal breeding and 
somatic cell reprogramming, makes it fruitl to 
‘consider where the fick! has been and where i is 
‘sping, Is the cup half empty or half ful? 
Interest i gamctogenesis from ES cells was 
motivated by a nced for an inexhaustible supply 
‘of oveytes. Oveytes serve as the target ell for 
rnuckear reprogramming by somatic cell nucksar 
transfer (SCNT), a method that ean be used 00 
derive ES cells from animals with specific 
kent features or ftom specific human patients. 
SCNTES cells could be usa wo study disease 
‘oF potentially to ereate rejection-proo tissues for 
therapy: however, « major bottleneck: for human 
appl of oveytes, IFES cells 
ccoukt be directed to generate oveytes a major 
hartier to SCNT woul be eliminated. This 
requites, however, that ES cells can be prodded 
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tes that arc mature enough 10 sup 
port effective reprogramming of the transferred 
somatic nucleus, 

ES cells differentiate spontancously in vito 
Uunkess cultured in leukemia inhibitory factor 
(LIF), a cytokine that maintains ES cell self 
renewal. Afler LIF removal, ES cells can dif- 
ferentiate on the surface of the petri dish or 
aggregate to form 3-dimensional (3D) structures 
called embryoid. baalies (EBs). To varying 
degrees, such 2D and 3D approaches yield dis- 
‘organized tists masses that loosely rceapitulate 
the tissue transformations of the gastrulating 
cembeyo and harbor elements of the 
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Primitive embryonic germ layers—ectoderm, 
‘endoderm, and mesodemn, Curent efforts in 
numerous labs are aimed at defining which 
momphozens, cytokines, chemicals, and culture 
coniltions can bias or enhance the formation of a 
specific tissue of interest. Despite these efforts, 
sirccted dierentation remains: more hope than 
reality. Hence, most laboratories pure a com 
bined dircction-selection approach; the cells are 
first prodded to differentiate with as: much 
direction as possible, then the desired cells ae 
removed fiom a hetermgencous culture using 
atibosics against target-<ell surface antigens, or 
by virtue of reporter genes expressed from tsse= 
specific promoters 

Three independent Iboratories originally 
reported the derivation of gametes from 
cells in vit using dincetion-selection strategies 
(Fig. 1) (3) All three exploited: markers or 
ropertics that distinguish germ cells from 
‘unsiferntiated ES cells, a challenge given that 
xgomm eclls share many features with ES eelly 
(A. In the first ease, Scholer and colleagues 
engineered & truncated promoter for Oct, 
gene central to plarporeney, {0 express green 
fhuowescent protein (GFP) in. germ cells (5), 
Scholer’s group differentiated ES cells harboring 
the reporter gene in 2D cultures and detcotet 
prevalent GFP” cell clusiers, suggestive of 
‘imondial erm cell Formation, They vollevted 


Spontaneous 
° <— 

Embryonic 2D citwre aete 

stem els cells Parthenogeneic 


3D embryoid 
bodies 


®' 


Primordial 
‘germ cells 


blastocysts 


Retinoic aid 
cytokines 


feseaa3 


Emiryonic 
germ cells 


Fig. 1. In vitro gametogenesis from ES cells. (Top) A 2D culture yields oocyte-tike cells and 
parthenogenetic blastocysts 2). (Middle) A male germ cell niche within EBs supports formation of 
Primitive sperm (2, 3, 23). Oocyte injection with sperm precursors has been reported to generate 
‘offspring (23). (Bottom) Primordial germ cells can be isolated from EBs and cultured with retinoic 
acid and cytokines to generate embryonic germ cells (2). 
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aggregates of GFP® cells, cultured them for a 
further several weeks, and observed a remarkable 
‘ransfomation: Complex multicellular structures 
developed that resembled ovarian follicles. and 
fiom these emenged ooeyteke cells surrounded 
by a zona pellucida-like coating, Extensive 
molecular, immunohistochemical, an ultrastruc- 
tural data indicated that these cells were inde 
‘oocytes. Even more sumrsing, cultures. con- 
tained eystic structures that resembled blastocysts 
that the authors speculated arse free spontane- 
‘ous parthenogenetic activation of the oveytes, 
Methods for oocyte formation from ES cells have 
not yet been widely exploited by the community. 
but Trounson’s group has independently reported 
Uitfeentiation of ES cells into ooeytetike clls 
using testicular cel-conditioned medium, which 
presumably contains factors that stnmulate both 
eu and sperm development (6). Although 
luntalizing, these results eave one wondering 
whether such ES-derived oocytes are functional 
Can they be fertilized? Can they serve as 
recipients in nuctear transfer (0 support somatic 
«ell reprogramming! 

‘Two other laboratories reported deriving 
male gametes from ES cells differentiated into 
3D EBs (/, 4). Noce and colleagues exploited 
4 reporter for the germ cell gene yuna and 
stimulated germ cell formation with bone 
momhogenetic protein (BMPS). They iso- 
lated vasa-GEP” cells, mixed in tissue from 
embryonic gonads, and transplanted testes of 
‘gor cell-depleted mice. They found marker- 
positive cells in reconstituted seminiferous 
fubuks, although 10 sperm function was docu 
mented (3), Follow-up studies from the same 
eroup found that media ghicose concentration 
influences germ cell formation, suggesting that 
work remains to optimize differentiation (7) 
Although initially seeking opeyte development, 
‘our laboratory independently observed: male 
xametogenesis fiom ES cells (J). We selected 
cells expressing the gem cell antigen SSEA-L 
and treated them with retinoke acid, which ine 
‘duces term cel proliferation. Then, using eondi- 
tions established for isolating embryonic germ 
(EG) cells fiom embryos (8), we cultured EG- 
Tike ells that had erased their methylation maths 
atkey imprinted ene lei, a diagnostic feature of 
primordial gem celts from the embryonic 
xonadal ridge. From EBs cultured for an 
axitional 3 40 4 weeks, We used at antibody 
dirocted against primitive spemuatocytes 10 iso 
late rare haploid cells that resembled round 
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spermatids. When injected into oocytes, these 
cells generated diploid blastocysts, but never 
supported full mouse development. 

‘These carly reports all document robust for- 
‘mation of primordial germ eels, but limitations 
in achieving functional gametes. Using a germ 
cell specific stella reporter, Surani’s lb has in- 
dependently confined formation of primordial 
‘gem cells from ES cells jn vit (>. tn human 
ES cuhures, gsr cell specific gene expression 
thas been observed in an appropriate temporal 
sequence (1) and shown to be enhanosd by 
incubation with bone mosphogenctic provcins 
(ZD. Nonstbeles. gametes have not yet been 
isolated from human cukures. 

Primorial germ cells ck sexual dimorphism, 
Segregation of germ cell fies into oogonia or 
spermatagonia occurs within the developing tse 
sues of the foal gonad, and terminal gamsogen- 
‘is requites tight hormonal control. The 2D ES 
culture condition employed by Scholes group 
ppsars to stimulite Gogenesis, whereas the 3D 
EB condition used by Noce’s group and our own 
appears to favor spermatogenesis. for unclear 
reasons. Germ cell maturation appears 4 follow 
‘oogenesis by defaul, unless suppwessel by male- 
specific factoes like Malleran inhibiting substance 
(MIS). Indoed. we detected MIS expression in our 
FBs, perhaps signaling the formation of a 
suppetive gar cell niche for male gametogene- 
nis 

The gold standard for gamete function isthe 
production of offspring. All of the casty statics 
lacked! this erucial achievement, but Engel ant 
colkagues revenily reporisd success. Using a 
GEP reporter for Stra¥ (stimulated by retinoic 
acid-®), a gene expressed in premeioic germ 
cells, the Engel group differentiated the plari- 
potent FY ferafocarcinoma line for2 months and 
identified GFP" cells, that when transplanted 
into gern cell-depleted testes, produca mature 
sperm, Although the sperm manifest structural 
abnormalities and reduced motility, they sup- 
ported embryo formation afier being injected 
into oocytes (12). Again, the lack of five off- 
spring suggests that functional gamictes Were not 
formed. Even more remarkable, however, is their 
recent chim 10 have generated five mice from 
ESlerived gametes. In this case, the group 
sequentially selected StraS-GFP" cells, followed 
by cells expressing a dsRed reporter driven by 
‘the protamine promoter, thus identifying cella a 
later stage in spermiogenesis (13). OF 65 embryes 
formed when the protamine-dsRed” cells were 


injected into oocytes, 12 animals were bom, and 
a few harbored the transgene by Southern blot 
sanalysis. Although these data are provocative, 
genome-wide polymorphism analysis would 
have been Helpfil to prove that these offspring, 
carry a fall haploid contribution fiom the ES- 
Aerived sperm. 

Given the inelliciency of terminal gamcto- 
genesis from ES cells in vitro, and the paucity of 
dats documenting reproductive function, em- 
playing ES cells as a source of gametes to treat 
infertility seems distant prospect. Forthose who 
se the cup as half fll, any gametogenesis isa 
marvel. Differentiation of ES eells into primo 
dial germ cells appears robust and amenable 10 
‘experimentation, ES cells this provide an ac- 
exssible tool to study genes that specify germ 
cells, the pathways that contol germ eel mig 
tion, and the molecular machinery of imprint 
sasure that acts when gern cells ative at the 
embryonic yonadal ridge. For those who view 
the cup as half empty, mach work remains 
Evidence of meiosis and terminal gametogencsis 
4s lacking I remains to be seen whether terminal 
spermiogenesis can occur in a petit dish and 
‘whether oogenesis can be optimized to provide a 
ready supply of oocytes for reprogramming 
siualies. If alitional laboratories replicate the 
remarkable achievement of living offspring from 
ES-derived gametes, then many new avenues 
for germ cell research are possible, Prospects 
for treating infertility become a more plausible 
aspect, and the cup will indeed seem mone 
than half fal, 
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Temperature Sex Reversal Implies 
Sex Gene Dosage in a Reptile 


‘Alexander E. Quinn,!* Arthur Georges,” Stephen D. Sarre,” Fiorenzo Guarino,” 


Tariq Ezaz,? Jennifer A. Marshall Graves? 


somes in many vertebrates [genotypic se 
dotermination (GSD)), but may also be 
determined by temperature during embry 
development [temperature-dependent sex de 
(TSD)] (In reptiles, sex de 
termination can involve GSD with XX and XY 
sex chromosomes (male heterogamety, as in 
mammals), GSD with ZZ and ZW sex eliro- 
mosomes (Female heterogamety, as in birds), oF 
TSD (/, 2). The distribution of TSD. 


S: is determined by genes on sex chromo- 


A uncer; opm | sumornman 
‘ree 


~ HS eye Spe 
~el eft eft 


(ocean <5 Machen CA seta 


Fig. 1. Model for a 22 dosage mechanism of sex de 
termination in dragon lizards, (A) A Z-borne male- 
determining gene (dark blue ine) that expresses a 
temperature-sensitive product (RNA or protein) is present 
in two copies in 22 individuals but in only one copy in ZW 
individuals. At optimal intermediate) incubation temper 
atures, the gene producti fully active (dark blue circies), 
but it is progressively inactivated at more extreme 
temperatures (light blue circles). (B) In ZW individuals, 
the total activity of the gene producti always half that of 
ZZ individuals. Activity exceeds a threshold level (dashed 
bie tine) for male differentiation only within the optimal 
temperature range of ZZ individuals. At all other tem- 
peratures, female development proceeds. (C) Thus, the 
Phenotypic sex ratio increases from 50% females at 
intermediate temperatures to 100% females at temper- 
ature extremes. Datapoints are for P.vticeps (fig. SD. 
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ie yet w be der 
incubation 
males (22) 


ture thus overrides gene(s) involved i 


sex-determining 
3), but transitional forms have 


males in the 
al bearded dragon lizard 
ich, like birds, has 
wy (4), Tempe 


We incubated ges of P viticeps at 
onstnt tempcraturcs betwen 20° and 
37°C (3), No embryos survived to hatch 
ing at 20°C, Beswoxn 22° and 32°C, sex 
ratios id not ifr signal Goan 1:1 
Aarsponse consistent with GSD (ig SIA}. 
However, between 34° and 37°C, there 
cus an increasing Keak: bi sugessing 
that enyperatune was ov ariing owt 
some maks. Dffesential morality 
pot exphin the deviation of the sex 
ratio from 1:1 at temperatures, where 
survivorship allowed a test (at 4.5". 35%, 
sad 36°C), because the deviation remained 
significant even when all moralitiss were 
conservatively scowad as make (able $1). 

We isolated a femalespecific DNA 
marker for P. vitieps by serening 
ample fragment length polyps 
(AFLP (0) to enable a test for sex rever 
sal (5) (fig. SUB). To verify thatthe AFLP 
marker (designated P\72W, GenBank 

0. ED9S2907) bs specific 10 

the W chromosome, we genotyped 1S 

ks and examined their metaphase 

ehromesome spreads. There was 10% 

agroement between PTW genotype and 

karyotype as demonstrated by C banding 
(ZW and 472) 

PV72W was use to Aentify genotyp- 
ie sex of hatchlings fiom throe ehuches, 
cach split etween two incubation temper. 
tures & anno treatment (28°C), which 
produced an unbiased phenotypic 52x 
tao, and a high-temperature ueatment 
GF 0 360, which prxlusal a stone 
female bias (table $2). Phenotypic sex 
‘a identified by heminene eversion and 
ccuarination of gorau morphology. At 

<C. the phenotypic sex ratio was 1:1, 
compared with 2 males anid 33 females at 
te high temperatures, il but one ofthe 


30 Tizards (97%) incubated at 28°C had eon 
cnedant sex phenotype and genotype. However, 
only 18 of 35 animals (514%) from the hi 
ternperature tretment were concordant, All dis- 
cordant animals were genovypic makes (ZZ) tht 
developed as phenotypic females, Our dats dks 
‘onstrate that h n emperatuncs reverse 
x (table $2), This finding extends a previous 
sport of low-temperature sex reversal in a skink 
by explcly identifying discordance between 
szenotype ant phenotype and adkls empirical 
support for the eocxistene of TSD and GSD. 

The W chromosome is thus unnecessary for 
female differentiation, which suggests that the 
smokcular mechanism directing sex detomnina- 
tion isthe dasage ofa gene on the Z chromosome 
rather than the presence ofa female-<determining 
gene om the W. That is, male differentiation 
requires two copies of & Zebome gone, the 
expression o activity of which is sulicent for 
male development only at optimal temperatures 
(Fig. 1. We have demonstrated sex reversal at 
Dhigh temperatures; fow-temperature sex reversal 
may be obscured by morality below 22°C 

Selection. for a wider range of thermosensi- 
tivity in spocics such as P veep could sal in 
the evolution of TSD from GSD. Reversal ofthe 
ZZ. weownyps tothe female phenotype at extreme 
temperatures will bias the phenotypic sex rat 
toward females and drive down the frequeniey of 
the W chromosome under fiequency-dependent 
section, This could account forthe pater ob 
served in many TSD ropes, where bot low and 
high temperatures preiuce’ 100% fna 
intermediate temperatures. produce predomi- 
vuanily (occasionally 104%) males (/, 2). 


s, yet 
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The Amount of Recycled Crust in 
Sources of Mantle-Derived Melts 


Alexander V. Sobolev,** Albrecht W. Hofmann,* Dmitry V. Kuzmin,”? Gregory M. Yaxley.* 
Nicholas T. Arndt,? Sun-Lin Chung,* Leonid V. Danyushevsky,’ Tim Elliott," Frederick A. Frey,” 
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S. Kamenetshy,” Andrew C. Kerr,’ 


Nadezhda A. Krivolutskaya,? Vladimir V. Matvienkov,”? igor K. Nikogosian,”>"* 
‘Alexander Rocholl,”* Ingvar A. Sigurdsson,"* Nadezhda M. Sushchevskaya,” Mengist Teklay’” 


Plate tectonic processes introduce basaltic crust (as eclogite) into the peridotitic mantle. The 
Proportions of these two sources in mantle melts are poorly understood. Silica-rich melts formed 
from eclogite react with peridotite, converting it to olivine-free pyroxenite. Partial melts of this 
hybrid pyroxenite are higher in nickel and silicon but poorer in manganese, calcium, and 
magnesium than melts of peridotite. Olivine phenocrysts’ compositions record these differences 
and were used to quantity the contributions of pyoxenite-derived melts in mid-ocean ridge basalts 
(10 to 30%), ocean island and continental basalts (many >60%), and komatites (20 to 30%). 


These results imply involvement of 2 to 20% (up to 28%) of recycled crust 
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mantle melting. 


input wo the mantle sources of common, ma 
derived magmas in mid-occaic ridges basalts 
(MORBs), ocean islands (O1Bs), and 
igneous provinces (LIPS). Its not possible 40 use 
incompatible ekment abundances in basalts 10 
the proportion of recycled component in 
the magma source because concentrations of these 
‘elements are also sensitive to the extent of melt- 
ing. Similarly, the use of isotope ratios for mak 
ing such quantitative estimates is compromised 
by the solapic variability of subxlucted materials 
involved in the recycling process (2), Weused an 
altemative approach based on a combination of 
‘major elements and compatible trace elen 


‘Que method has its basis in the experimental 
and theoretical peediction that high-pressure (? 

3.0 GPa) melting of typical recycled oceanic 
‘ust (in the form of eclogite with a separate SiO 
phase) and reaction of this mek with peridotite 
proxluces olivine-troe pyravcnite (5). We show 
{hat further melting ofthis hybrid lithology in the 
absence of residual ofivine is more voluminous 
than the melting of peridotite (at a given pressure 
and temperature) and that pyroxcnite-derived 
melts are characterstcally enriched in Si and 
Ni but depleted in Mg. Ca, and Ma compared 
With their peridotit-derived counteqarts, This 
difference arises because olivine principally 
controls the compesition of melt produced in 
pendotite, whereas pyroxene mainly controls the 
composition of melt from olivine-fce hybrid 
pyroxcnite (5-8) Experimental data predict (9) 
‘that, as such pyraxenite-derived meks rise toward 
the surface. the decrease in pressure causes their 
saturation in olivine. This olivine is unusually Ni 
rich and Mn and Ca poor. With use of a new, 
large data set of high-precision analyses of 


olivine phenocrysts fiom OIBs, LIPs, MORBs, 
and komnaites, we show that hybrid pyroxe 
isa common lithology in upwelling mantle and a 
smujor comiibutor to tholitc (silca-sturated) 
azn ansitional (moderately silca-undersatuated) 
magmas of OIBs and LIPS emplaced on thick 
‘cane oF continental lithosphere 

Olivine dataset. We use olivine phenocrysts 
«= pwobes of purcatal melt compasition, because 
olivine is the fist phase to precipitate at low 
Pressures in almost all mantle-derived 
anid because its forsterite content isan exeelnt 
rmasure of the degros of fractional crystallization 
allowing reconstruction of the parental melt 
npesition, 
Oliv alyzal by clee- 
ton microprobe using high probe cummnts and 
Fong counting times (10). This procedure rou- 
tincly yiekds detection limits of around 6 10 1S 
pas per niin (ppm) and eres (2 standard 
sors) of 15 40 30 ppm fr trace ekeents (Ni, 
Ca, Ma, Cr, Co, and AD) and 0.01 mole percent 
{evo a) for forsterite content [defined as Fe 
Mg(Mg * Fe)). checked by repeated analysis of 
‘San Carks olivine standard (7), Inthe falling 
lagrams we use only high-precision dat 

‘We have analyzed nearly 17,000 grains of 
clivine phenocrysts from 229 simples of thle 

nstonal compositions 

nples) fiom Mid-Atlantic. Rid 
Pacific Rise, South-East Indian Ridge, and 
Koipovich Ridge: OIDs (138 samples) fiom 

aiian Islands and. Emperor Seamou 
wry Islands, Reunion, ‘Azores, ann! Iecland 
LPs (36 samples) from Ontong Java Phtcay, 
Siberia, Emeishan, Karoo, Afar, and North 
Atlantic Province; komatites and associated 


pictites (1S samples) from the Atchean biti 
‘greenstone belt in Canada and the Belingwe belt 
in Zimbabwe and South Aftica: Proterozoic 


matic bass fom Gilmour Island, Canad 
and komatites and pcrites from Gorgona Isand, 
Colombia, Most samples are pierites or olivine 
trasals containing lange amounts of fresh, high 
magnesium olivine phenocrysts. The simples are 
subdivided into four groups: () MORB: (i) 
‘within plate magmas (WPM, magmas erupted 
far from plate boundaries) forming O1B 
emplaced over thin lithosphere (<70 kin thick), 
WPM-THIN; (iii) WPM (O1B and LIP) 
«mplaced over thick lithosphere (>70 km thick), 
WPM-THICK: and iv) Komatites and asso 
ciated magmas, KOMATIITES, Details of sa 
1c Iecations, references for sample descriptions, 
and their grup comesgpondence are presented in 
table S2a 

The mest-magnesian olivine compositions 
(Gefined by olivines phenocrysts with Fo within 
1 mole form amaxirnum Fo) foreach specimen 
‘were average (Lule 2a) for the pos shown in 
Fie. 1. Individual olivine analyses are presented 
(on fig. S4 and tables S2, cto 

In addition to Mn and Ni concentrations, 
which soongly comelate with Fo (Fig. 1, A and 


vevow sciencemag.org 


€), we also plot Mn/Fe and Ni versus MgFe 
ratios (Fiz, 1, B and D), These ratios do not vary 
significantly with olivine fractionation (see 
model curves Frac 1 and Frac 2) but nevenheless 
range considerably (Fig. 1, Band D), Most 
olivine phenocrysts fom MORBs and: many 
from komatites have Ma and Ni contents similar 
to those of peridotitedcrived melts, In contrast, 
most olivines from the WPM-THICK group are 
icantly depleted in Ma and ensiched in Ni, 
Their concentrations are not compatible withthe 
melting products of common peridottes. The of 
ivines from the WPM-THIN group have 
mediate Mn and Ni contents, 
Concentrations of Ca also provide some 
discrimination in spite of the greater overlap, 
Most olivines from the WPM-THICK group are 
100 low in Ca to have precipitate from peridot 
derived mells (shown as experimental-based 
model compositions and fractionation trajccto- 
ries, Fig, IED 
Chromium is strongly controled by garict 
nd spine in peridotites and thus might be usefal 
0 decipher prochcts of high-degive mehing of 


Fig. 2. (A to P) Average compesitions 
‘of the most highly magnesian olivine 
phenocrysts in each sample, Concer 
‘rations and their ratios are given in 
ppm versus forsterite content of olivine 
in mol %, Olivine group names are as 
defined in text. PM, Herzberg indicates 
‘compositions of olivine in equilibrium 
at 0.1 MPa with melt originally gen- 
‘erated at 3.0 to 5,0 GPa from fertile 
peridotite (22) calculated by Petrolog 


peridot, which Keave residuals restites) foe of 
Crtich phases (/2). Olivines from Archean 
omatites have the highest Cr values and match 
compositions of olivines from a spinel and 
ametliee reffactory restite (Fig. IF). They 
‘coukl, therefore, be derived diretly frou hi 
degree melting of peridatte. In the other groups 
of olivines, Cr is markedly lower than expectad 
n cquilibrium with peridotite at high pressures 
(see experimental data on therzolite melting, Fig, 
IF). The lowest Cr contents are found in MORB 
olivines, indicative of residual Cr spinel. 

Cobalt (Fig. 2A) shows nearly uniform cor- 
relation with Fo forall rock groups, with possibly 
‘only minor (around $¥%) relative enrichment in 
WPM-THICK. and WPM-THIN over MORB 


(estimated from group average CorFe of table 
ratios 


2a). Decoupling of Co and Ni yields Ni 
‘of many WPM-THICK. oliv 

‘usually high for the Earth m 
¢ the prrumter least dependent on 
olivine ffactionation (as shown by the model 
fractionation curves in Fig. 3). Thus, it is diag- 
nostic of parental magma compositional diffe. 
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cnces. There isa significant negative coretation 
of NiMg versus MnfFe (linear eorelation vet 
ficient is(0.66 for 238 samples) in spite of strong 
dependence of NiMg on the degree of olivine 
fractionation (see fractionation trajectories in 
Fig. 3A). Thiscorrelation improves (= 0.88 for 
103 samples) for the subset of olivines with a 
narrower range of Fo contents (Fo89 10 Fo), 
MORB olivines are the lowest in Niand highest 
in Mn, whereas olivines from the WPM-THICK, 
group are the highest in Ni and lowest in Mn, 
with olivines from the WPM-THIN group being. 
intermediate 

To minimize the effects of olivine fractiona- 
tion, we show parameters Ni(Fe Mg) and Ca'Fe 
in Fig. 3. B and C, This procedure alo reduces 
the scatter in the ordinate significantly, thus 
highlighting the diferenees between geodynamic 
settings 

Fate of recycled oceanic crust. In subuction 
at P>2.5 GPa, the basaltic and gabbroie port 
fof the oceanic erust are transformed completely 
to cclogite (clinopyroxene and gamet) witha foe 
SiOy phase (5-15), Unless sili 


software (42 for oxygen fugacity corre- 
sponding to quartz-ayalite-magnetite 
(OFM) buffer using the Herzberg model 
(4), PM, Kindler, olivine compositions 
similar to PM, Herzberg but with Ni 
‘calculated by using Ni patitioning be- 
tween olivine and melt from Kinzler 
et al, (28), Frac 1 is the trend of olivine 
composition during fractional cystall- 
zation from a melt derived from fertile 
peridotite at 3 GPa and 1515°C (12). 
Fractionation of olivine modeled up to 
20% for oxygen fugacity correspond 


ing to QFM buffer using the Herzierg 
model (4). Frac 2 is similar to Frac but 
calculated for 35% crystallization of 
melt derived at 40 GPa and 1630°C 
(12). Green ellipse indicates field of 
‘olivine compositions compatible with 
peridotitc source. n (F), HZ, Herzberg 
stands for calculated compositions of 
olivine from spinel- and gamnet-ree 
harcburgite restte using (4); LARZ, 
Walter and HRZ, Walter indicate exper- 
imental olivines from therzoite- and 


‘gamet-free harzburgite residual assem- 


blages, respectively, produced by high- 
pressure meting of ete pridotite 22), 
Black elpse marked “ol + low Ca-Px” 


indicates field of olivine compositions from refractory gamet- and spinel-free assemblage of olivine and low-Ca pyroxene. 
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removed during subduction (16), this combina- drastically different in composition. Melt 
tion will aso be the relevant assemblage during variable source compositions would create 
recycling to the upper mantle (/ 7). nonlinear correlations of "7Os""Os and ’Sc™*Sr 


Inthe ascending manie(eg..a mate plume ioe ratios inthe mes, and ths s conrad 
‘or upstream flow of convect by the strongly finear corretitions observed in 
silica-oversaturated celogite stats melting at Hawaiian basalts (2/. 22), which are thought to 
higher pressures than the peridotite and preduces have a significant celogite component (3. 5). 
hhh silica melt (/8, 19), This melt reacts with However, it has been shown experimentally 
olivine from peridotite, producing pyrorcnesand (23) and proposed on the basis of Korzinski’s 
net (5, N, 19), Previous studios have envie theory (24) that under conditions of eal equiib- 
ssioned that this reaction creates a refentlized rium, the reaction between hig snodcrived 
peridotite enriched in pyroxene (19, smelt and peridotite produces fee lthol- 
conclusion would predict variable ‘ogy enriched in pyroxene (5). This fundamentally 
Proportions of individual ingredients (eelogite- differs fron a partial reaction (/9, 20) because it 
derived high-Si melt and peridotite) that are leads toa stable pyroxenite lithology (hybrid py= 


Fig. 2. (Rand B) Cobalt A 
and nickel to cobalt ratio 
‘versus Fo of average Mg- 
Fich olivine phenocrysts. 
Pink band at NiCo 20 70 
1 represents estimated 6 yp 
values for bulk sitiate 
Earth (BSE), core, and ded 
chondrites (39), Aeros 8 140 
indicate tend of olivine 439 
compositions due to the 


soxenite) generated by roughly fixed proportions 
Of high-Si melt and peridotite [constrained by 
reaction stoichiometry between 40. and 60 
‘weight %6 (wt %) of mel (5) irespestive of the 
initial proportions of the reaction ingredients, 
Consequently, the hybrid pyroxenite has nearly 
uniform chemical and isotopic composition, 
thus constituting a single mixing endmember: 
Binary mixing of melts derived from peridotite 
and this pyroxenite leads to near-linear "Sp "Sr 
versus "Os/"™*0s trends (5) 

Other prodicied geochemical consequences 
of replacement of olivine by pyroxene are a sig 
nificant decrease of the bulk distribution ©o- 
efficient between crystals and melt (Ky) for Ni 


mantle melting (melting) = 
and magma crystalliza~ 0 
tion (crys, All other sym pe 
bols are as on Fig. 1. 7 o so 6 © om 2 


100tevFe 


equilibrium olivines from peridotite- and pyroxenite-derived melts, 
Elements and their ratios are shown in ppm. PYR, Herzberg and PYR, 
Kinzler stand for compositions of olivine eqi 
melt generated at 3.5 GPa by melting of pyroxenite (table $3) calculated 
for oxygen fugacity corresponding to OFM buffer using model (4) for Fe-Ng 
partitions and models (4, 28) for Ni partition, respectively. MIX Herzberg and 
MIX Kindler correspond to equilibrium olvine compositions calculated forthe 
iminture of pyroxenite-derived and periotite-derived melts using model (4) 
for Fe-tg partitions and models (4, 28) for Ni partition, respectively. Black 
ellipse indicates olivine compositions corresponding to pyroxenitic source, All 
other symbols are 25 on Fig. 1. 


rium at 0.1 MPa with 
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(5, 6) and a decrease in the ratio of the balk 
coefficients of Mn and Fe (7). These features 
‘oceur because olivine is the major silicate phase 
in peridotte concentrating Ni and the only sili- 
«ate phase in peridotite having Ky for Fe greater 
than Ky for Mn (7) The bulk Ay changes wil 
increase Ni and lower the Ma Fe ratio of pyraxenite- 
derived melt compared with peridotiteserived 
melts, Inadkition, meting of pyroxenite yickls 
lower Ca compared with peridotte (N), Addie 
tional predicted differences are higher melt 
fractions for hybrid pyroxenite than. periotite 
and higher Si and lower Mg in_pyroxenite- 
derived niet (5, 25, 28). 

These predietions were tested by experimen 
tal melting of a model hybrid pyroxenite (5) 
Experiments were run at P= 3.5 GPa and 
temperatures between 1400" and 1S70°C in a 
conventional 1.27-em piston-evlinder apyparatas 
at the Austrafian National University (0, 19), 
These results, together with published expe 
imental data for melting of peridotite (72), 
‘confirm the Ni and Mn relationships as well as 
imclting rates prodicted above (lable S3 and fig, 
SS), From these data, we eafeulate equilibrium 
‘olivine compasitions at low pressure (4. 27, 28) 
in onler 0 compare them with the natural 
phenocryst data (Fig, 3), We used these results 
to estimate mixing proportions of melts derived 
from the two end-member sources for the olivine 
sels representing different. gooynamic 
settings. The end-member mel compositions 
were calculated from averaging experimental 
data on melting of pyroxenite ant peridatite (0), 

Quantitative estimates. We assumed mix- 
tures (in 10% intervals) of the end-member melts 
(20) anu calculated the composition of equiibe 
tum olivines. The calculated mixing trajectories 
for the two different models for Ni partitioning 


Fenn of pyroante sed mat 


wenn 


Faction of prnente sees mat 


‘are consistent with natural olivine data (Fig. 3B), 
‘The relation between Mn /Fe of modeled olivines 
‘and mixing proportions (0) was used to com 
[pute the amount of pyroxenite-derived compo- 
nent for individual samples (Fig. 4). Olivines 
from the WPM-THICK group of basalts yield an 
average of 61 = 16% (standard deviation) 
pyroxcnite-derived component, similar to results 
derived from Ni contents in Hawaiian melt 
inclusions and olivines only (5). The olivines 
from some continental LIPS (specific suits from 
Siberia and Karoo} indicate almost pure pyrox- 
‘enitic sources. Corresponding results for the 
‘other groups ane for WPME-THIN, 30 = 13% 
for Archean komatiites, 21 = 10% and for 
MORB, excluding one unusual sample from the 
Southem Atlantic (see below), 17 = 12% [similar 
to predictions of (25)]. Because of the uncemain- 
tics involved in estimating the end-member 
‘compositions, the differences between groups 
are better constrained than the absolute mumbers. 
Although MORs contain the lowest proportion 
‘of pyroxcnite-<derived meh, the spread of MORB 
‘data is significant, and many samples do contain 
substantial amounts of pyroxcnite-denived com- 
ponent [the exteme is the enriched in silica 
MORB sample from the Southem Atlantic (29) 
with 100% pyroxenitederived component). The 
‘calculations show that the Archean kornatites 
‘contain a significant amount of pyroxenitic 
‘component (maximum of 30% for samples from 
‘Canada and Belingwe), athough the largest 
‘amount is in Proterevoie komatitic basalts from 
Gilmour Island, Canada (up to almost 400%), 
From these calculations, an estimate of the 
amount of recyckd oceanic crust (/0) yields 
4% for MORB, 11% for WPM-THIN group, 
16% for WPM-THICK group, and around 13% 
for Archean komatiites. The highest estimate of 


7 ~ 
I. 
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Fig. 4. Estimated amounts of pyroxenite-derived component in the parental melt for 229 samples 


of four different groups. 
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the amount of recycled oceanic ensst (0) yiekt 
Ontong Java high-Mg lavas: 13% to 28% 

Silica-undersaturated basalts. Most of the 
‘magmas analyze! in this stay are silica saturated 
(thokeites or transitional), Only a few samples are 
moderately silca-undensturated alkali magmas 
(ex, Azores and Afar), Our database is rqyre- 
sentative of the normal oecanie enust several of 
the work's major suites of flood basalts (LIPS), 
several ofthe major moxlem mantle plumes (30), 
and some komatiites. The strongly’ siliea- 
lundersaturated associations not covered here 
include continental sift basalts, many: smaller 
‘ocean islands consisting mostly of alkali Laas, 
and also some larger-fhix. plumes (30) such as 
Pitcaim, Tahiti, and Cape Vewde islands, Why are 
such basalts that sme highly enriched in ine 
compatible elements, and therefore presumably 

neraed by very low degrees of melting, ncrly 
always undersaturated in silica? This observation 
appears to contradict our model; one woul 
expect that siica-saturated melts penerated from 
hybrid pyroxenites shoul be prevalent, expec 
ly at very How melt fractions, There are several 
possible explanations (i) volatile (mostly COs) 
Uwiggeted melting of peridotite may be the 
dominant mechanism forming strongly silica 
‘unersturated afkaline magmas at temperatures 
fower than hybrid pyronenite mechs (37). Gi) 
Low-deyree melts of sifici-siurated eclogite 
may be retained in the source because of the 
high viscosity thus preventing production ofthe 
Iiybrid pyroxenite (5). (ii) Meling of hybrid 
Pyroxenite at the contact with peridotite may’ 
produce low-degree, slicaundersaturated melts 
at lower temperatures than melting of hybrid 
Dyroxenite itself (9, (iv) Melting of bin 
celogites (00 five silica phase) formed from 
silicacundersaturated reeyeled crust produces 
‘undersaturated alkaline magmas (76), 

What controls the amount of pyroxenite- 
erived melt? By following the method outlined 
above, we estimated the proportions of melt 
derived from pyroxenite and peridoite for each 
praental magma, These proportions depen on 
several interelated parameters, namely the thick 
‘nes of lithosphere the potential mantle temper= 
ture (7) (32), and the amount of reycled crust 
in the upwelling mantle (Fig. 8). Because at the 
same Ty pyroxenite melts at higher pressure than 
peridot (206), a thick fithosphere (which im 
‘ses a high lower fimit on the depth of melting) 
Will suppress lovdepth peridotite meking andl 
therefore favor a high proportion of pyroxenite- 
derived melts (33, 34), The extreme ease i found 
in some continental food basalts (specific suites 
of Siberia and Karoo at table S2a) where the 
amount of pyroxenitelerived melt is nearly 
10(P%. tn such a ease, the amount of recyekxl 
material cannot be estimated because the perido- 
titic eompenent contributes nk mel, In contrast, a 
thin lithesphere (MORB, Iceland, Azores, and 
Detroit seamount) favors a higher proportion of 
Peridotte-derived melt because of the increasing 
Seeree of mehing of perdotite at shallower depths, 
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‘A high 7p isan important condition to main- 
tain sulficient buoyaney of mantle plumes or any 
‘other upstream mantle flow, and this buoyancy 
limits the amount of dense eclogite that they ean 
cary (35). Abbo, a high Tp allccts mostly the 
proportion of peridotit-derived melt because 
fractional meking imposes a rather stringent up 
per fimit wo futher meting thigh melt fractions 
(36). High melt fractions are restricted t0 the 
eclogite and hybrid pyroxenite assemblages (26) 
(lig. $5). The peridotite assemblage produces 
lower mel factions than pyronsnite (Hg. $5) oF 
eclogite (79, 25) at any given temperature and 
‘pressure nd its actual extent of melting therefore 
depends strongly om the specific Ty 

Lastly, why are the proportions of recycled 
‘component lower beneath michoewan rides than 
in thick-lthosphere settings? We suggest several 
explanations: (i) Relatively low amount of dense 
recycle component in MORBS is fied by their 
Tp. Which is 100 ly 0 carry more. (i) For sta 
Histical reasons. plumes are more likely 
counter mow-common thick fithosphene than 
fesx-common thin fithoyphere andl Few plumes 
impinge directly on ridges, 90 we are forced to 
dal with very-sinall-number statistics. (iy De- 
Hroit seamount represents one ease where a 
(Hawaiian) plume has encountered thin ith 
sphere anal where our results oo indicate high 
fraction of recyched crust, similar those foun! 
‘on the island of Hawaii on the thick lithosphere 


Siberian LIP Hawaii 


~ 20% 


Detroit Smt 


“This amount is significantly higher than for Iee- 
Jind, probably reflecting the effect ofa higher Ty 
of the Hawaiian plume (A). (iv) The surface 
expresion of a plume emplaced under thick 
lithosphere requires high Tp. which is necessary 
for carrying a significant ‘amount of recycled 
crust (35), allowing melts to form at higher pres- 
‘sures than for ordinary peridotite (5, 25, 26), 
and meling a pendotite at higher press [e.. 
‘Komatites (37) 
Heterogeneous versus homogeneous mantle. 
The model presented here assumes that the 
recyeled ensstal component was not fully mixed 
with penotite during subshuction and. mantle 
convection and thus that the formation of the 
clivine-free hybid lithology may take place. On 
the other hand, homogenization of crustal ma 
‘rial within the peridoite mantle should create a 
Tithologics with variable 
similar 10 a model by 
Kelemen et of (20), Under these circumstances, 
the major-ckment contents of partial melts will 
‘comrespond fo the cutectic-ike composition, buf 
fered by the peridatite assemblage, whereas the 
‘compatible trace elements (Ni and Ma) will be 
controlled by’ the bulk partition coefficients of 
this assemblage and thus by the amount of of 
ivine and pyroxene presenti the system, There 
fore, the amount of recycled crust can still be 
«estimated on the hasis ofthese trace ements but 
their abundances will no longer corelate with the 


Fig. 5. Schematic model illustrating interplay between amount of recycled crust, thichness of 
lithosphere, and Tp. Blue, upwelling peridatitic mantle; red, recycled oceanic crust (eclogite with 


phase); black dots, melting; yellow, reaction zones forming hybrid pyroxenit 


pink, 


refractory restte after eclogite melting; and green, lithosphere. X., amount of pyrorenite derived 
melt in the mixture with peridotite-derived melt, and X, amount of recycled oceanic crust in the 


peridotitic mantle (42). 
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buflered major elements (Si, Ca, and Al, For 
Hawaiian hasals, such comelations with Ni are 
present (5), which requires a strongly heteroe- 
‘cons sou. 

Input from Earth's core? The Ni excess in 
mani olivines from Siberian LIP (38) and the 
devated Fe’Mo ratios in Hawaiian lavas (7) have: 
boon exphinod hy input from Earth's core oth 
sources of mantle plumes. This suggestion is 
consistent with ™OW""0s. ratios for some 
‘Hawaiian and Gongona lavas (39) but is contra- 
dicted by the fact that concentrations of highly 
sidemofile (Px) and chakophile (Cu) elements 
axported for Hawaiian basalts are not affected by 
this process (5). Our olivine data provide strong, 
_afguments against any notable core contribution 10 
Ni or Fe excess in the sources of muantle-derived: 
magmas Cobalt does nat show significa excess 
in olivines (Fig. 2 and fig, $3) and is effectively 
decoupled om Ni. Asa result, the Nia rat i 
most Nish mantk plume olivines excess 30a 
the typical mantle Fo range of 8910 91 (Fig. 2), 
“This is not expected from a core contribution, 
because Ni (Co ratios fr both mantle and core ae 
st equal an close to the chonditi val of 
about 20 (40), In addition, Ca is significantly 
depleted in many high-Ni and kow-Mn olivines: 
fiom the WPM-THICK, group, which cannot be 
explained by core contribution, Lastly, the 
olivines from Gorgona komatiites, which do 
show significant excess in MDs (9), donot 
indicate lange anomalies in Ni and Mn/Fe, 
whereas Koolau lavas with the highest Ni 
excess and lowest MivF ratio in olivines do 
tot show significant elevations in ™*0s"#0s 
ratios (30), This suggests complcte decoupling 
fof these potentially strong indicators. of cor 
‘mani exchange. 
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Genes Required for Mitotic Spindle 
Assembly in Drosophila S2 Cells 


Gohta Goshima,* Roy Wollman, 


® Sarah S. Goodwin,* Nan Zhang,* 


Jonathan M, Scholey,? Ronald D. Vale,”*t Nico Stuurman*? 


The formation of a metaphase spindle, a bipolar microtubule array with centrally aligned 
‘chromosomes, is a prerequisite for the faithful segregation of a cell's genetic material. Using a 
full-genome RNA interference screen of Drosophila S2 cells, we identified about 200 genes that 
contribute to spindle assembly, more than half of which were unexpected. The screen, in 
combination with a variety of secondary assays, led to new insights into how spindle microtubules 
are generated; how centrosomes are positioned; and how centrioles, centrosomes, and 


kinetochores are assembled, 


he diamond-shaped mitotic spindle has 
| become one of the most widely recog. 
ved images in biolony 

life's propagation through eel 
eukaryotes. the process of spindle formation 
bexins after nuclear envelope breakdown (NEB) 
\whion microtubules (MTs) generated both from 
centrosomes and from the vicinity of chromatin, 
are organiza into a bipolar array (1-5), Sister 
chromatids bind to MTs emanating from opposite 
pokes, are aligned inthe midale of the bipolar MT 
network, and then ultimately separate and move 
part during anaphase. Failures early 
result inthe formation of an aboeal n 
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spindle, which can kad to mit 
potentially, chromosome missegregati 
the ensuing anaphase 

To understand the mechanism of metaphase 
spindle assembly, iis critical to identify the pro- 
teins required for this process and then dissect 
how they fimetion. Many mitotic proteins have 
‘boon identifi! through genetic and RNAi screens 
(6-10), but the inventory is likely incomplete. 
Here, we present a genome-wide sereen for 
loti spite morphology in Drosophila S cells 
and the functional analysis of unexpected sencs 
discovered through the screen. 

Identification of genes involved in meta- 
phase spindle formation by high-throughput 
microscopy. Because the percentage of S2 cells 
in mitosis is low (1%), we conducted our 
RNAi screen in the presence of dsRNA (double- 
stranded RNA) 10 Cic27 (a subunit of the 
anaphase-promoting complex) 10 delay ana- 
phase and thereby increase the percentage of 
metaphase cells (~10% ofthe population). Thus, 
four sereen was designed 1 ive 
sembly of the metaphase spindle, but not ana: 
phase oF cytokinesis. We also reseromed the 


jc delay and, 
during 


final hits without Cde27 RNA‘-induced mitot- 
fe amest. The majority (88%) showed ikntical 
phenotypes. athough a few genes only manifest 
lear phenotypes under conditions of mitotic 
anrest (table SI) 

‘Using our custom, fll-genome (14,425 pene) 
Drosophila RNAi library (17), we teated 2 
cells with dsRNA for 4 days, conditions that 
generally reduce protcin evels by >" (12, 14), 
After dsRNA treatment, cells were fixed and 
stained for DNA, y-tubulin, MT, and phospho- 
Histone 13 (p13) in 96 well plates, and about 40 
sites per well were imaged by automated micras- 
copy with a high numerical ape 
jective tw obtain roativelyhigh-esolut 

otic spindles Fig. LA), To re 
plexity ofthis large amount of image dat, a us 
tom computer eoxke was use 1 ently, crop 
anid arrange mitotic spindles into galleries, which 
‘were then blindly scored by an observer (Fg. 1B 
and fig. SI). In addition, computer algorithms 
‘measured eight parameters of spindle shape, as 
‘well asthe intensity of ytubulin cll numb, ant 
‘mitotic index (Fig. 1C) (17). More than 001008) 
spindles wore analyzed inthis serve, 


ayes 
the com 


(table $2). OF these 49 genes, 4S we 
3 hits in the primary sereen, indicating high 
sucoess rate of isdemtfVing mitotic phenotypes, 
However, our fina list of genes should not be 
considered asa complete oF universal inventory. 
because genes can be missed (particularly ths 
with suble plienoypes), and some phenotypes 
(or lack therof) may be specific to S2 cells 
False positives by ofFtanget effects of dsRNA 
ean oceur in RNAi sereens (14, 15), $0 pre- 
cautions were taken to minimize gene overksp in 
the dsRNA design, and all unexpected hits were 
confirmed with another dsRNA that had no 
overlap with the fint dRNA (12), To keam 
‘more about the functions of interesting genes, 
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. Gs (IDLRNAY RNAI : 
figs. $3 w S7 nes by * delay (Fig, 2F: and movie SI of 
at 1 ont the loca k . slin localize leassembly: checkpoint (SAC) signal 


phenotypes, cm ich was confirmed by 2 ti lls ( for 
these randy tubulin fu i 2G), Avie 
the shape and dynamics of th spn mi (Fig 2D built cen 
ize anxd chromosome align SHA)UDD AV are Cony andl Sas-6), 
ist of ys nie inthe screen ¢ 1 Ci Derip7S, Dyrip 28, a polo kina 
in table SI as well as our Web ich ako Dgrip 63), RNAIof se 5 1 through 
ontains primary data on RNAi constr 0; 416) also di punits. However, dis pahway is di 
types, al protein localization (fig. $2 andy ie HI division in S2 cells, A second 
rmiuesfieduimitospin " ri involving a new set of proteins (Dgt3-6) 
Centrosomes and y-tubulin GFF Dutt. Det5, and Des a uit y-tubutin to 
In pyeparation foe mitosis, the « f pinalle M ite of y-tubulin 
nncs tht nucksate MT and ulinsately bs pon M x ar spindle with 
TWiokss are not nceded! fr most cell in SAB). Hi The shape and dynamics of the poles 
fics, as MT ncleation around chroma rene : ky: Mitotic spindkss normally have wo well-focused 
for bipolar spindle format IDB-GPP “ In our 86 ilentifiod & series of 
duplication would be expectsd 
sibilant wanseal tolodles (ns yacbolea tab A Raw images (40s, 0.95 NA coyectve BGatery generation C inage segmentation 
atthe pokes) and monastral bipolar sink ( 
‘one poke with notin y-tubulin staining, bec 
centriole numbers only gradually ii 
dilution throagh successive cel a4 


ASRNA treatment (Fig. 2A and fig. SSA), 


‘Our serven identifi k 7 
(Sak kinase, DSas-F, and Sas-6), a5 wel 

previously “un al fi 

phenotype (dna)}. Consistent with their RNAi 

phenotype, GEP-Anal and -Ana2 colocalized 

ring interphase an! mitosis with th 0 pane 
markers mMREP-Sas6 (Fig. 28 and fig. S3 ord 


in controle formation (Fig. 20). hetient re ele 

nents of the ce es 

a ee |e |e |e] S| 
NAi of the Known genes Spd-2, Pok 


not deteted at anastral spindle pokss afer Si 
RNAi. and RNAi depletion of Anal " 
pstntial decrease in GEP-Sash 


metaphase spindle morphology. (A) Drosophila 


s, along with Cdc27/Apc3 dsRNA, to accun 


Maining atthe pole fering with ce : and adhered onto ConA-coated glass-bottom plates. 
trfole marker localization (fig. S3, F and ¢ tubulin, >-tubulin and pH3 and imaged by high-throughput 
aining the effects of RNAi of th 8) ihtotic cells were automatically selected by a compute 
centrosomin and -/-tubulin sh c cells (mostly metaphase) were displayed in 
molecular pathway lead bali . ypes were also analyzed by computer after image 
lization atthe spindle poke (Fig. 2G). We 3, pole detachment: 4, long spindle; 5, short spindle; 6, 
found two previously unknown genes, Dy tubal 8, dim 1D) Twelve major phenotypes identified in 
Dg (dim y-tubulin), that decreased spine po 
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nes that affect the number oF onganizs 
spindle poles (table SI and fig. SS) Unfocused 
kinetochore fibers (K-fibers), a rare phenotype 
RNA of calmodulin (CaM), mediate 
calcium effector (Fig 34), An 
CaM RNAI caused 
K-fiber detachment ffom centrosomes, a finding 
that mimicked observations for RNAi of Abnor 
imal Spindle protein (Asp) (movie S2) 21). Like 
Asp, CaM lo 

fibers, even when these ends were disconnected 
fiom the centrosome by Ned/Dhe RNAi (Fig. 38), 
Furthennore, CaM and Asyy mutually depended 
‘port one another for localization to the minus end 
Of K fibers ( 

tiple 


© CaM RNAI 
GaM's main. finetion 


Were obtained 
broxlly functioning 
By time-lapse im 


pok-focusing. 
unexpected phenotype was increased 


numbers 


‘monasiral bipolar (but not anastral) 
spindles afler RNAi of multiple proteasome 


subunits, the E2 ubiquitin conjugating enzyme 


tion factor Myb, anal a Myb. 
30) P 

RNAI showed other phonaypes, such as sever 
str bipolar 

scerisic of other 


ized at the minus ends of K 


rosin (Twit) (Fig . 


proliferate 
spindle pa 
RNAi uestmonts th 
iil over, RNAI of UbeD6 di ct inhibit growth 


reduced cell numbers. More 


SF), Thus, Asp, which has 


predicted CaM-binding IQ. mois (22 


requires CaM for its localization and function, scored the number of y-tubulin-stainin 


A sucr0s eas B ass weorese C ine sons 


Dp 


Fig. 2. Genes required for localizing tubulin to the centrosome and the spindle. (A) (Left) Anastral as 
well as monastra bipolar spindles were observed after RNAI to Sak or three previously unknown Ana genes 
(the latter two shown in fig. $3). (Right) Centrosome number was counted for bipolar spindles after four 
rounds of RNAi treatment. (B) Anal (soform B) was colocalized withthe centriole marker mRFP-Sas-6. (C) 
‘Anal RNAi caused the loss of GFP-Sas-6 from the pole region of anastal spindles, whereas SAK RNAi 
interfered with GFP-Ana16 localization to poles. (D) (Left) Various dim y-tubulin RNAI phenotypes. The 
y-tubutin signal fs reduced at the centrosome alone (Cnn), at both the centrosome and spindle 
(Ogrip84), oF only atthe spindle (Dgt4 and Dgrip128). (Right) Intensity at centrosome (a) and spindle 
region (b) was measured, and the relative intensity was calculated (11). (E) Spindle localization of GFP. 
até is lost alter colchicine-induced MT depolymerization. (F) RNAi of DgtS (as well as other genes 
required for spindle localization of y-tubulin) produces long spindles with low MT density and 
misaligned chromosomes. Shown is a maximum intensity projection of four optical slices obtained at 
0.25-um intervals by spinning-disk confocal microscope. Red, antibody to CENP-A; green, MT. Scale 
bar, 5 um. (G) Model for recruitment pathway of y-tubulin to the centrosome and spindle MTs. 
Previously unknown or unexpected genes are highlighted in blue inthis and other figures. 
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determine whether centio- 
some numbers were reduced (Fig, 3D), However, 
‘comparable (proteasome and UbeD6 RNAI) or 
higher [Myb and twit RNAi: soe also (23)] num 
bers of prophase centrosomes. wene observed 
compared with contro cells, 


somes in prophase 


sting that these 


RNAV treatments caused centrosome fusion after 
NEB 1 
test this idca, we performed automated, live im 

ytubulin-GFP and 
and movie $3). Myb 


generate monastral bipolar spindles. To 


azing of cells cocxpressin 
mCheny-ubulin (Fig. 3E 

RNA\ cells initially formed normal bipolar (or 
occasionally multipolar) spindles afer NEB. 
However, subscquently, one or more of the cen 
trwsomes detached from the poles and wandered 
toward the center fin contrast 0 dynein RNAi 


which caused centrosome 10 detach and mave 


sway frown the spindle (24) In some instances, 


rmonastral bipolar spindle as seen in fixed eels, 
y rwiket a diet action of 


This phenotype 1 
Myb at the centrosome or could be mediated 


indineetly through its roe in 
contrast, RNAI of UbeD6 induced centrosome 
fasion shortly aller NEB, generating monopolar 


rn transcription, In 


spindles, which then converted into monastral 
bipolar spindles by chromein-dependent. MT 


Thus, we observed two previously unnepente 
phenotypes concerning centrosome dynamics 
Los of @ ubiquitinedcpendent proteolysis pai 
way induced excess centrosome fusion, and Myb 
complex depletion caused centrosomes 10 1p 
n toward the spindle interior (Fig. 3F), 
Spindle size and chromosome alignment, 
In addition 10 identifying known regulators of 
$2 coll spindke length (25), 
icntified several previously unknown genes 
that produced shor-spindle RNAV phenotypes 
spindle (Sip) genes}, and three of these 
4A, able SI 
Depletion of ane of these pr 
(ca ad Sepp) caused pronounced 
MT severing in interphase cells (Fig. 4B and 
movie $4), a surprising effect hoecause severing 


is rarely observed in untreated cells, The severed 


fsbo 
hocalized to mitotic spindles (Pig 
S6). 


MTs often continued 10 grow at their phis ends 
and depolymerize at their m 
them 10 treadmill through the cytoplasm (26) 
Sept regulates: MT and the 
shorter-spindle pe might be duc 
enhanced MT severing and depolymerization at 
the pos. 
Our screen also identified yenes involved in 
ah ne alignment (able SI, fig. 87, 
movie $8), Chromosome misalignment frequent: 
wth 
(able $1), consistent with a model in which 
defective chin 


an imbalance of forces acting upon the spindle 


Thus, severing 


ly coincided with an increase in spindle 


rosomne-MT interactions result in 


(25), Five genes with severe-misalignment RNAi 
Phenotypes encode proteins that localized atthe 
arxl (wo (CGISIS6 and CGSL48) 
also localized at centromeres in interphase nuclei 
(Fig, 4C and fig. $7, B and C), These five ger 
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Fig. 3. Genes required for centrosome separation and association to spindle poles. (A) Identical 
kinetochore-fiber unfocusing and centrosomedetachment phenotypes were observed after Asp and 
calmodulin (CaM) RNAi, See movie $2, (B) GFP-CaM was localized at spindle poles in an Asp-dependent 
manner, but was still detected at unfocused poles induced by Ned/Dhc64C RNA. (C) Monastral bipolar 
spindles produced by UbcD6, proteasome subunit [15 or Myb RNAi (percentage of cells with phenotype 
indicated; 3% to 8% for untreated cells). Centrosome detachment also was detected alter Myo RNAi. 
(D) At prophase, most proteasome (Prosi4 and Pros(s5), UbcD6, Myb, and Twit RNAi cells (n > 65) had 
>1 centrosome; Sak, Anal (centriole duplication), and Pav (cytokinesis) served as control RNAis that 


decrease or increase centrosome numbers. (E) Time-lapse imaging of 


tubulin-GFP (ced) and mCherry- 


tubulin (green) from prophase to metaphase shows bipolar spindle formation, and then centrosome 


detachment after yb RNAI (80%) U 


20), and immediate centrosome fusion after NEB for UbcD6 


RNAi (259%) (n = 20). See movie S3. Scale bars, 5 jum. (F) Models for various spindie-pole phenotypes 


in response to various protein depletions 


\Were unannotated at the time of our sere, but 
sequence alignments performed by our group 
and others (27) identified CG9938, CGS, and 
CGIN156as fly homologs of NdcXO Hee, Nut 
and Mis12, respectively 

Tivo genes, CGS14K [chromosome alignment 
defect (CalN)] and CG7262 (Cal2) didnot 
Known ki 
tanderstand ow these proteins 


display sequence similarity 
chore proicins. Ti 
are integrated and function in 
assembly pathway of the Dro 


mph Kinwso- 


cchore, Wwe investigated the lealization dcpen: 
dency of the kinetochore proteins using GFP 
fusion proteins ancl RNAI RNAi of Cal2 at 


alization of Nuc8O and Nut? 
but not the constitutive centromere proteins 
Call, Mis, and CENP-A/Gid, similar to resus 
for Spe2S RNAi in HeLa cells (28). Thus, Cal2 
[a 26-KD protein with known Boo-hybeid inter 
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setion with Néc8O (29)] may be Dm 
Spe2S. RNAI of Call, oo the other hand, af 
fected localization of all markers ested (Fig. 4D: 
and fig. S7, D w F). Different from other sys: 
lems (30), centromere localizations of CENP-A, 
CENP-C, and Call were mutually dspendent 
because RNAI depletion of any si 


protcin 


disrupted or diminished the localization of the 
other two, Thus, S2 cell inner kinstochore 
formation may involve a coassembly process 


‘of CENP-A, -€ 
protein Call (Fig. 4D). Once these core proteins 


and the previously unknown 


are assembled, MisI2 and the NécS0 outer 
kinetochore complex. are recruited in a linear 
pathway, similar to that describ for C elegans 


‘embryos (3/), 


‘Several known genes, including transcription 
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rapamycin (TOR)-associated protein Raptor) 
and the GTPase RheB), 
expected RNAi chromosome misalignment 
phenotypes (table SL). The misalignment effects 
f Raptor and RheB RNAi, a 
produced by the TOR inhibitor rapamy: 
STH), were only observed with Cde27 
RNAi of numerous. spliceoseme components 


also produced. un- 


well as those 
0 (lig. 


x 


also caused chromosome misalignment. Ab 


though this finding is laggely unexpected, 


mutations in splicing factors cause missegr 


splicing might regulate proteins involved in 
inctochore structure or generate RNAS 


have structural roles within the spindle ( 
Thus, chromatin structure, RNA, 
pathways can influence chromosome 
altho gts remain 
Wo be understood at a molecular level. 
Conclusion. This morphological serwen of 
the Drosophila mitotic spindle was made 
possible by computcrassisted identification of 


the mechanisms of the 


mitotic cells for visual scoring and quantitative 
Hana 
200-gene RNAW*hit” list, by itself, was 
wht into spindle for 


imation, A suite of secondary assay’s was nceded 


wo decipher the site of ation and mechanism of 


previously unknown proteins, as well as 40 de 
velop a in 
proteins Work to 

In addition to implicating many unexpected 


uenes, this study has revealed unanticipated pro 
‘cesses involved in spindle assembly, For exam: 
pik. the Mentification of Dyt proteins ted 10 the 
finding that the activity of y-tubulin within the 
spindle is more critical for spindke architecture 
and chromosome alignment than its better-known 
Fimetion at the centrosome. We also uncovered 
unanticipated RNAi phenotypes, such as exces: 
sive centrosome fision (UbeD6 RNAI), cent 
sexne detaclyment and motion within the spindle 
(Myb RNAI, 
(Ssp4 RNA}, Interfering with general celh 
machines al 

defects such as those sven with the proteasome 


and activation of MT’ severing 


© rise to distinct spindle 


(menasal bipolar spindles), RNA polymerase 
ud and the spliccosome (chr 
imosome misalignment), This work also-pro 
vides a systematic analysis of the assembly of 
Drosophila centeasomes and inner kinetochore, 
ndcring several proteins into these pathways, 
Many of the molscules and pathways deseribed 
in this study are likely to be conserved in human 
Therefore, the alterations in centrosome 
jenment-observed 


spindles), 


function and chromosome 
in this screen may provide insight into how these 
commonly observed defects arise in human 


cancers (34-36) 
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An Evolutionarily Conserved Mechanism 
Delimiting SHR Movement Defines a 
Single Layer of Endodermis in Plants 


Hongchang Cui,” Mitchell P. Levesque,**t Teva Vernoux,** Jee W. Jung,” Alice J. Paquette,” 
Kimberly L. Gallagher," Jean Y. Wang,* Ikram Blitou,? Ben Scheres,? Philip N. Benfey*| 


Intercellular protein movement plays a critical role in animal and plant development. SHORTROOT 
(SHR) is a moving transcription factor essential for endodermis specification in the Arabidopsis 
root. Unlike diffusible animal morphogens, which form a gradient across multiple cell layers, SHR. 
movement is timited to essentially one cell ayer. However, the molecular mechanism is unknown. 
‘We show that SCARECROW (SCR) blocks SHR movement by sequestering it into the nucleus through 
protein-protein interaction and a safeguard mechanism that relies on 3 SHR’SCR-dependent 
positive feedback loop for SCR transcription. Our studies with SHR and SCR homologs from rice 
Suggest that this mechanism is evolutionarily conserved, providing a plausible explanation why 
nearly all plants have a single layer of endodermis. 
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ston cll maintenance (fbn she ao ser mua, 
the comtewendodermis initial (CED) cell, which 
nomnally gives rise 10 690 files of yrounk-tissue 
culls (an inner layer of endoxermis and an outer 
layer of cortex), produces only a single cell layer 
(lig. S1) 2,4, 5) SHIR is. transcription factor (6) 
‘express in the stele that moves into the adjacent 


«ll layer whew it controls SCR transcription and 
‘endexlermis specification (6). By contrast, the 
‘SCR provcin is absent from the stele, is predonn 
nantly expressed in the endodermis, the CEL cel, 
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A pSCR:GFP-SCR/scr-4 
M__IP_ qPCR 

pscr [= —] 19:02 
pscis [— —] 59:02 
pMGP | —_— ] 1,720.1 
psinat. [— —] 0.8:0.1 
psHR [— — ] 1.2+01 
son tae 


8 pSHR::SHR-GFP/shr-2 


IN-_M IP QPCR 

22201 

53201 

2.4201 

1.3201 

stn [es =] 12001 

SCR =) 1,020.1 
OA enenumeaaer 


© pSHA::SHR-GFP/shr-2,sor-4 


M_IP_ qPCR 

pscR [— =] 09:01 
PSCL3 | = =| 0.9:0.1 
pMGP | —— —=| 0.8201 
scr [= =} 1.1201 


a a7 a2 48 4208 
‘Distance rom TSS (ib) 


Fig. 1. SCR binds its own promoter and other SHR targets. (A and B) 
CChIP-PCR assay with the use of an antibody to GFP, showing binding by 
GFP-SCR and SHR-GFP to the promoters of SCR, MGP, and SCL3. Fold 
‘enrichment values in all panels, from (A) to (F), as determined by 
fe realtime PCR (QPCR), are means + SE from technical 


A ee 


‘quantita 


Fig. 2. SCR and SHR 
direct ieteract. (A) SHR- 
GFP is detected in SCR im 
unoprecptates (CRAP). 
(B) SCR is coimmunopre- 
cipitated with SHR-GFP. 
(©) SCR does not coim- 
munoprecptate with GFP- 
SCR (GFPAP) The SCRAP 
assay shows that SCR ise 
pressed in the transgenic 
Plants expressing GFP- 
SCR (D) Yeast two-hybrid 

‘assay showing diet inter 
‘action between SHR and 
SCR. AD-SHRA, which 
lacks the N-terminal 120 
amino acids of SHR, sti 
interacts with SCR. f+Gal, 


rgalactosidase; Gal@ 
AS, Gal4 binding sts; 


eR B sVssb 


BD, Gal’ DNA binding 


domain; AD, Gal4 actva- 


Feealhiny 


42°40 40 a2 23 47 42 48 
‘Dataen tom TSS a) 


c 
0 
1 
79 
e 


tion domain; BD-53 and AD-T 2s a pair are wed as a postive contol, whereas the BO-lsmin and AD pai isa 
negative control. BO-53, fusion betneen BD and the p53 protein: BD-amin;fsion bebween BD and lain, AD, 


fusion between AD and te T protein, 


sand the quiescent center (QC), and is squid for 
the asymmetric cell division that gives nse 4 the 
‘cortex and endodrmis (3, 7) SHR protein does not 
move beyond a single layer comprising the end 
dennis, CEI cel, anal QC. This isin sharp contrast 
1 moving signal proteins in animals (8). Endod 


metric cell divisions. 
Notably, although the number of corte cell layers 
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varies considerably, nearly all plant species 
‘examined so farhave only one layer of endaenmis, 
suggesting an evolutionarily conserved mechanism 
1 form thissingl cel aye. SCR has been fours to 
play arole in nsiricting SHR movement (9, 10), tt 
the underlying mechanism has remained! unclear. 
Positive feedback control of SCR tran- 
scription. SHR and SCR belong to the GRAS 
family of transcription factors (17), In both 


8 


replicates. pSHR, SHR promoter; SCR, SCR coding sequence; IN, input 
DNA: M, Mock ChIP, (C) SHR-GFP binding to some of its targets is 
abolished in sr mutant background. (D to F) SHR-GFP and GFP-SCR bind 
to the promoters of MUC (D), MGP (E), and RLK (F), a5 revealed by promoter 
scanning. The asterisks mark the positions of putative binding sites, 


nals and plants, transcriptional re 
is known to play a key role in developm 
12), To elucidate the mechanism by 

SHIR and SCR control root radia pateming, we 
therefore fist dssectal their transcriptions cit- 
cuits. Previously, it has ben shown that SHR, 
inet controls SCR teanscription (4), However, 
there was also indication for SCR autoregulation 
(A, Using a chromatin immunopresipitation 

Ryasay (15), 


(Fig, 1A and fig. S2) 4 
SHR tnd w SIN3ik 
«does not appear to be 
reverse transcription 
firmed the previous finding that SCR expression 
is reduced in both the sh and ser backgrounds, 
(9) (fi. $2). Our results thus demonstrated that 
SCR is controlled by a SHR/SCR-dependent 
positive feedhack loop. 

SHR and SCR are functionally interdependent. 
Recently, we identified a number of additional 
Putative dircet targets of SHR (/4), To deter- 
mine whether these are also direct targets of 
SCR. we assayed binding by ChIP-PCR. Our 
initial results showed that SCR binds 10 the 
promoters of MAGPIE (MGP) and SCR-LIKE 3 
(SCL3) (Fig. 1A. and fig. $3), which are also 
bound by SHR (Fig. 1B and fig. $3), We then 
‘checked SHR and SCR binding to other puta- 
tive direct SHR targets by promoter seanning, 
(15) (Fig. 1 and fig. $4). We found that SHR 
and SCR both clearly bind to the promoters 0 
NUTCRACKER (NUO), a receptor-like kinase 
¢RLK). and MGP (Fig, 1, D to F). Their binding 
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Table 1. Expression levels of SHR direct targets in shr and scr mutants, relative to WT, as measured by 
whole-genome Affymetrix ATH microarray. FC, fold change (reduction) 


she ser 
fed P value a P value 
uc 28 64x 107 16 92x10" 
GP 25 37x10 1s 17107 
scr 25 5.0 x10" 40 43x107 
Br60x2 19 74x10 18 3.010" 
RIK 14 28x 10% 14 3.8 x 10° 
sas 13 63x10? 14 7.6 x 107 
Tropinone reductase (TRI) 12 27107 12 7.0 x 107 
SNEEZY (SNE) 19 66x 107 08 5.9 x 10% 


Fig. 3. SCR determines 
SHR subcellular loca 
ination and its range of 
movement (A SCR tran- 
script les ino inde 
pendent SCR RNAI tines 
(ScREL and SCRF2), lar 
tive to that in WT, as 
determined by RT-QPCR, 
(B) Root lengths of the 
SCR RNAI lines and WT 6 
days alter germination 
Error bars in (A) and (B) 
indicate SD. (©) Confral 
images of 6-day. roots 
of Wh, 50-1, SCRE, and 
SCRE2 seedings, showing 
thei structure [propidium 
iodide (P) staining, an 
endodermal marker ex- 
pression (pSCR:GFP), 
and SHR-GFP {ocalization 
(pSHR:SHR-GFPY. The in- 
Sets in the bottom panels 
are enlarged images of 
the framed areas. cor 
teks E, endodermis; M 
mutant cell bayer; §, sie 
permumerary cell Layers. 
Seal bas, 10 um, 


sites on the NUC and MGP promoters. were 
Jocited in regions relatively far upstream of the 
Translation start sites (TSS) (Fig. 2, D and E, 
Which explains why we were unable 10 confiem 
NUC asa direst SHR target by ChIP-PCR using 
PCR primers that amplify more proximal so 
‘quences (14), Notably, most binding sites for SHR, 
and SCR at these promoters appar to coincide: 
The observation that SHR and SCR bind to 
nctional in 
tenlependence between these two transcriptional 


a common set of genes su 


regulators. We therefore examined SHR binding 


to some of its targets in an ser background. ln 
the absence of SCR, SHR binding to these 
targets is abolished (Fig. 1C}, Expression levels 
off ies are reduced in tee shr and ser 
mutants (Hig. Si 
(quired for SHR 1 


mine the extent of overlap between SHR and 
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SCR targets, we performed genome-wide ex 
pression analysis in sr and ser mutants. Nearly 
putative direct SHR targets that we previously 
ified (14) show significant reduction in their 
‘expression in hoth mutant hackgrounds (Table 1) 
Moreover, a large portion of SHR indirect targets 
also showed reduced expression in the ser back 
ound (table SI). 

SHR and SCR proteins directly interact. 
Functional interdependence between SHR and 
SCR could be achieved through their cooper- 
ative bindin 


direct interaction. To determine whether SHR 
and SCR form a complex. we performed coin 
munoprecipitation. Recipeocal pull-down ex- 
periments showed that SCR and SHR ate in 

‘complex (Fig. 2, A and B), In yeast cells, SHR 
and SCR interact directly (Fi 
‘central domain spanning the two 


2D), and the 
ucine heptad 


repeats and the VHIID (ValHis-fle-tle-Asp) 
motif is responsible for this interaction (ig 
$5). However, SCR does not appear to ineract 
with itself (Fig, 2C), The finding that SCR 
physically imeracts with SHR provides a 
molecular basis f 

dependence. However, clay not all aspects 
fof SHR activity rely on interaction with SCR, 
because the mutant 


their functional inter 


pundtissue layer in ser 


ill expresses endodermal markers that are not 
detected in the she mutant background. One 
hypothesis is that the SHRISCR complex. con 
tiols some aspects of SHR fiction, such as 
asymmetric cell division, QC specification, and 
stem cell maintenance, whereas compleres 

J between SHR and other proteins fulfill 
aspects of SHR function, particularly 
‘endodrmis specification 

SCR affects SHR subcellular localization 
and movement. As the SHR protein with a 
strong nuclear localization si 
capable of moving (7), the finding that SHR and 
SCR dlincctly interact suggests that one role for 
SCR might be to sequester SHR into the nw 
lous, thus preventing its movement. Inde, the 


fasion protein between gresn fluorescent protein 
(GFP) and SHR (SHR-GEP) becomes largely 
cytoplasmic in the mutant cell layer of scr (ser 
in F 


3€) (I), in contrast 10 its exclusive 


ot in the endoderm of wild 
Iype (WT) roots (Fig. 3C), However, because of 
the low amount of SHR-GEP in the mutant cell 
layer. itis unclear whether SHR moves out of 
the mutant layer into the 
A lange pool of SCR would be required 16 
completely block SHR movement. The positive 
feedback loop for SCR transcription could pro 
Vide such a mechanism (/6), To test this hy- 
pothesis, we examined the effet of reduction in 
SCR expression on SHR movement using an 
RNA interference (RNAI) constiuct, We tea 
soncd that, iF SCR levels were reduced below a 
threshold level, some SHIR protein might be able 
to move ino the presut 
woukl setivate SCR 
specification. Asymmetne cell division would 
Iso occur, giving rise to an additional layer of 
ground tissue. This process could be repeated 
und free-mov ing SHR wasexhousted, In support 
‘of our hypothesis, plants from the RNAG trans 
cnic fines that we generated produced multiple 
layers of cells. Two fines that have dilferent 
kyels of SCR transcript were firther examined 
(Fig. 3A). As shown in Fig, 3C, the ext 
layers. in both ines express. the endodermal 
marker pSCR:GFP. and SHR-GEP expressed 
in the stole also present in these super 
cll layers. Notably, SHR-GEP is detected in both 
daughter cells of the CEI cell, whereas its evels 


mlive cortex where it 


mscription and ensdoermis 


ppecar to dcrease inthe outer cell layer afer each 
3C, insets), More 
‘over the number of supemumerry cell layers is 
related with the level of SCR 
transcript in the two independent 
Furthermore, SUR-GEP is pn 


‘xdlitonal cell division (Fi 
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Fig. 4. Analysis of SHR and SCR homologs 
from rice. (A) In situ hybridization showing 
‘the expression patterns of OsSCRI_ and 
‘OsSHRD in rice root. The framed areas in 
the left panels are shown at 2 higher 
magnifkation (middle panels). Scale bars, 
20 jm, (B) Yeast two-hybrid assay exam 
‘ning the interaction between OsSHRL or 
OsSHR2 with OsSCRA, a5 well as thie in- 
teraction with SHR and SCR. Ade, adenine. 


localized in the supemumersry layers of SCR). 
the weaker RNAi fine, but is lagely eytophasn 

loxaized in SCRI-2, the stronger RNA‘ line (F 
3€), The two Hines also showed naluced wot 
‘ath hat correlates with the stig of RNA CP 
values are2.9 10 and 2.8 © 10°, respectively; 
Student's ‘test 0 39 rots), although the OC 

CEI, and other initials appear normal (Fig. 3, 
and B), These results demonstrate the ertical we 
‘of the positive Reuback mechanism for SCR i 
restricting SHR movement, root radial patterning, 
ani! woot uroth, 

Our results support a mechanism by which 
SCR tightly restricts SHR mow as de- 
seribed below. On the one hand, SCR sequesters 
SHR into the nuckus through protein complex 
formation, making SHR incapable of futher 
movement, On the other hand, the SHR'SCR- 
dependent positive feedback loop for SCR 
transcription ensures no fige-moving SHR. can 
‘escape from the endodermis by diving a rapid 
buildup of SCR that docs not self 
rather preferentially interacts. with 


mechanism would require a basal level of SCR 
‘expression to initiate the feedback loop. Notably, 
a substantial level of SCR mRNA is still de- 


teeta in bh the sand ser backgrounds and 
its specific radial expression pattem is larwcly 
unaltered, This SHR/SCR-independent. basal 
SCR wanseription may be one of the key factors 
‘defining the boundary for SUR movement 
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The model that we propose for SCR 1 
restrict SHR movement coukl alo account for 
the fact that diffrent cell fates ane rapidly ac- 
uid by the progeny of the daughter cells of 
the CEI cell (). After this asymumetic cell di 
Vision, the concentration of the SHR’SCR 
ccomipkex will main h of 
the endodermal Kncaye driven by a sustained 
supply of SHIR fom the stele, whieh act 
the SCR feedback loop. This high concentration 
of the SHRISCR cornplex would maintain the 
expression of SCR as well as other downstream 
pateming genes By contrast, the SHR’SCR con- 
ceniraton in the other cell ofthe conex lineage 
would drop rapidly, resulting fom the inability of 
SHR to move beyond the endodermis coupled 
with protein tumover and the dilution accom- 
panying cell divisin. Indeed, akbough SCR is 
dtsced in both cells immediately after the 
asymmetric exll division, SCR ang other endo- 
dermal markers are only expressed in. the 
«endoderm soon thewaftcr (9) 

Interaction and expression of SHR and SCR 
homologs in rice. Tlie observations that nearly 
all plots examined so far have only a single 
ayer of endodermis even though the numberof 
cortex ayers can he highly variable) and that 
SCR onbologs arc exchisively expressed in the 
cendodermis (J7-19) suggest thatthe mechanison 
deseribed above is likely to be evolutionarily 
comened However, the only SHR homolog 


cloned so fa, which is elaimed to be the closest 
SHR homolog from rice, shows an expression 
pati that is distinct from SHIR in Arabidopsis 
(19), thus casting doubt om this hypoth 

Database searches revealed that there ae, in 
fact, 1wo close rice homologs for both SHR 
(803431750 and. 0407439820) and SCR 
(081103110 wd s12¢02870). We nani the 
nove similar SHR and SCR homologs OsSHRI 
(0507539820) a8 OSSCRI (Os! 08110) aa he 
snexe dia ones OsSHR2 (Ov?3257750) and 
OsSCR2 (Os1 2002870, respectively (table $2). 

The ice gencs that were previously reported 
as homologs of SHR and SCR are OsSHR2 and 
OSCR (19), We therefore loned OsSHRY and 
analyzed its expression in rice wots by in sity 
hybridization, As shown in Fig. 4A, OsSHRD 
and OsSCR ave both expressed in tissues ana 
018 10 those of their countespans in. Anahi 
dapsis, OsSCRI and OsSHRL 
as strongly as Arabidopsis SU 
(Fig. 4B), They also interact equally well with 
SHIR and SCR, but no interaction was observed 
between OsSHR2 and OsSCR I (Fig, 4B), These 
sels sty sugeest that OxSHRT and OSCR 
ane functional hoanologs of SUR avxl SCR in ie 
They farther sugest that dhe fanional relation 
p between SHR and SCR, as well a their ole 
in aia patiming in higher plants, is evolution- 
azily conserve 

Proicins that move as signaling molecules 
play a etic roke in both anima and plant do 
selopment (8, 20, 27). Although the list of 
transcription faciors that are able 10 move 
growing (22-28), lithe is known about the 
mechanisms regulating intercellular mov 
Decapentaplegic (pp). for example, a well 
characterized example ftom animals, moves 
sively by diffusion and forms a gradient 

tiple layers of eells as a result of 

‘uoregulaed binding to and ineralization by is 
receptions located on the surface of the cells that 
ityusses through (8, 29). By contrast, both SHIR 
movement and its range of action are actively 
regulated, and the mechanism that We 
uncovered in this study is quite distinct fiom 
those previously. described, Although some 
aspects of this mechanism have been reported 
fore proteins, this is the first example where 
bh proein-proiein interaction and transcrip- 
tional control are involved to 
conirol of protcin: mov 
‘may extend to other moving plant proteins and 
indicate a findanental difference between plant 
and animal signaling during development 
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Nonequilibrium Phase Transitions in 
Cuprates Observed by Ultrafast 
Electron Crystallography 


Nuh Gedik,? Ding-Shyue Yang,? Gennady Logvenov,” Wan Bozovic,” Ahmed H. Zewail™ 


Nonequilibrium phase transitions, which are defined by the formation of macroscopic transient 
‘domains, are optically dark and cannot be observed through conventional temperature- or 
pressure-change studies. We have directly determined the structural dynamics of such 3 
nonequilibrium phase transition in a cuprate superconductor. Ultrafast etectron crystallography 
with the use of a tilted optical geometry technique afforded the necessary atomic-scale spatial and 
temporal resolutions. The observed transient behavior displays a notable “structural isosbestic” 
point and a threshold effect for the dependence of c-axis expansion (Ac) on fluence (F), with 
AcF = 0.02 angstromv(millijoule per square centimeter). This threshold for photon doping 
‘occurs at ~0.12 photons per copper site, which is unexpectedly close to the density 

(per site) of chemically doped carriers needed to induce superconductivity 


he physical and chemical properties of 
| ‘materials can be altered! as a result of 
the generation of metastable structures 

(/), electronic andor structural modifications 
id phase transitions (4). For the latter, 
much of the work has been done on solids at 
equilibrium, namely when temperature or 
pressure becomes the variable of change, In 
contrast, transient structures of nonequilib 
rium phases, which are formed by collective 
interactions, are elusive and less. studied 
because they are inaccessible to conventional 
studies of the equilibrium state. Initiated by 
photons, the structural changes underly 
such transitions involve charge redistribut 
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the structural changes with th : 
resolved methods, especially those that use 
ultrafast electron microscopy (8-10), el 
difffaction (70-12), and x-ray absorption and 
diffryction (3-17). Here, the direct observ 
tion of the nonequilibrium structural phase 
transition in superconducting cuprates is 
reported. 

‘We have previously established ultrafast 
electron crystallography (UEC) (0) as a 
method for studying surfaces and nanometer- 
scale materials with ato 
Our apparatus integrates a femtosecond laser 
system into an ultrahigh yacuum (UHV) as- 
sembly of three chambers (Fig. 1A). In this 
technique, the output of a Te:sapphire femto- 
second laser (with a pulse width of 120 fs) is 
split into two beams: an 800-nm pulse used 


ie-scale resolutions, 
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0 excite the sample and a 266-nm pulse 
(generated by frequency tripling) used 10 
produce an eloetton packet via the photo- 
electric effeet. The electrons are then agee 
Jerated at 30 KV, resulting in a de Brogli 
clength of k= 0.07 A. The diffraction 
pattems of these electrons from the sample 
we recorded on a charge-coupled device 
(CED) camera with single-electron sensitiv« 
ity. The time delay betw 
laser pulse and electron probe packet is con- 
alled by changing the optical path length 
between the two pulses, Diffraction patterns 
at different delay times (diffraction frames) 
provide a movie of structural change, with 
nic-scale spatial and ultrashort temporal 
tions (10, 18) 

The material that we chose to study: is 
oxygen-doped LasCuO4.g: although the un- 
oped materi uznctic Mott 
insulator, doping confers superconductivity 
below the critical temperature (7) and metal- 
lic propertics at room temperature, Thin fils 
were grown on a LaSrAIO, substrate by 
means of an atomic-layer_ molecular beam 
epitaxy system (79). The films under study 

ized during growth by reflec 
tion high-energy electron diffraction and ex 
situ by atomic force microscopy (AFM), x-ray 
difastion (XRD), and measurements of wsis- 
tivity and magnetic susceptibility as a function 
of temperature (20). 

In ander to observe lower-onder Bra dit 
fractions from the material, the incident angle 

‘ween =1 
ed of eketrons is 


were charact 


of electrons (02) is set typi 
and 2 


Because the spe 

rd that of Tight, a large group- 
weurs between the laser 
pulse and the electron packet. Moreover, the 
electron beam has, at this angle of incidence, a 
lange footprint on the surface of the material 
in this ease, the (001) planes with the © axis 
defining the surface normal direction. We 
have implemented a at tlting scheme, 
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so that the laser pulse arrives at every point on 
the sample precisely at the same time as the 
‘electron packet. All experiments reported here 
tilted geometry 
necessary time resolution and sensitivity (8), 
id incidence angle 
(Jor rocking curve measurements), we mounted 
the 
pled 10 a cryostat capable of reaching 10 K, 


used this achieve the 


To tune the temperature 


sample on a metallic holder that was cou 


which in tum wa jometer 


placed on a g 
With an angular precision of 0.008°, The fluence 
atthe specimen was measured by imaging the 


beam profile the Gaussian 
spot size 

In Fig, 1B, the static dif 
ined at room temper 
shown with no excit 
served Bragg spots in x space, where » 
sin(@/2), we indexed the 
tetragonal unit cell of the euprate LayCuOs., 
Analysis of the diffraction pattems for difler 
cent zone axes gives lattice constants of a= b 
316 A ande = 11 = OLA, 
agreement with the XRD m 
we made on the same film (a 
and ¢ = 13,20 A), The erro 
determination of the absolute values of the 
lattice 
in determining the sumple-to-camer 
However, relative changes ean be measured 
with much better accuracy, reachin 
0.01 A [accuracy ean be increased 10 0.001 A 
by a fiting procedure (2/)] 

Structural dynamics of the material were 
obtained by recording the diffraction 


section pattern 
with UEC is 
From the ob. 
(dea) 
tiem using. the 


bo 3, 
range in the 


onstants comes from the uncertainty 


different times, before and afler the afrival of 
the optical exeitation pulse. In Fig. 1, € 
D, two representative diftraction-difference 
patterns These difference patterns 
es induced by the initiation 


pulse: they are frames ob 


ified times and refer 
ne at negative ts 
excitation), At 1,55 eV, the femtosecond pulse 
excites the material only because the substrate 
is transparent to the 800snm fight: the pe 
‘tration depth of the laser pulse in the mate 
is 143 nm (22), which far exceeds that of t 
probing electron pulse (10 nm), There 
the observed structural dynamics can only orig 
inate from the euprate fil 

Atte 
the observed Brags 


the femtosecond initial excitation, 


! 
(along the ¢ direction), indicating an increase 
in the e-aXis lattice constant. For other Brage 
spots, the shifl (As in s space) scales 
ly with the order of diffraction. For example, 
the shift of the (O08) spot is 80% 
the (0.0 10) spot, in accord with 
tionship Acie = Asis 
change in the position of the direct electron 
beam on the CCD camera.) The 


changes are on three diflerent time scales, 


spots shift downw 


(We measured no 


served 


ied by time constants of $ and 
tion of the transient phase 


character 


27 ps for the 
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sed at an x value comesponding 10 the 
‘equilibrium c value of the lattice: s = 10 €* 

480.4, where e* = Ine = 0480 A. The 
structure at positive times evolves first in a few 


picosevonds and then changes in tens of 
picoscconds; for example 

1 the peak becomes centered 
4.20. A", cor 


at 120 ps afler the 


lower value (s 
huge i 
constant. We studied the sma 
at three different temperatures: 20, 100, and 

0K. 


is that, 
curves ob- 
ke point 
we used of 2046 mIlem?, 


The unexpected feature of Fig. 
before restructuring, all of thes 
tained at different times eross ata sin 
s=4.76. A atthe fh 
‘What was expected, as observed in previous 
UEC studies (/0, 2/, 23), was that the peak 
would shift continuously while the intensity 
decreased with time, Neither behavior is ob- 
served at the high signal-to-noise level 
achieved (Figs. 2 and 3). Thus, 
sharing, with a common crossing point, i 


his intensity 


dicates a structural m the ini 


tial phase to a new one, Such @ ervssing 
behavior in spectroscopy would be termed 
to the 


Position where two intercanver 


bestic point, comespondin 


ardless of 
es, the total 


species have equal absorbance; n 


the populations of the Iwo sta 


cco 


~A Electron generating 
ee pulse 


Fig. 1. Diffraction UHV chamber for UEC and difraction patterns. (A) A cross-sectional view, with 
paths of the optical excitation and electron-generating beams (colored dashed line), is shown 
along with electron optics and the CCD camera for detection. At is the delay time between the two 
pulses. The temporal resolution is maintained by the tilted optical geometry. The probing depth of 
electrons is ~10 nm. The laser pulse is cylindrically focused into an area of 240 im by 3 mm (ull 
width at half maximum), and the electron beam bas a diameter of ~200 jm. (B) Diffraction pattern 


of L2;Cu0g,, obtained at equilibrium. The patter is transmis 


iom-ike, and the spots are indexed 


with the use of the tetragonal unit cell. (C and D) Diffraction-difference images at +5 and +50 ps, 


respectively 


a.org 


absorption at the isosbestic point docs not 
change. 

For the structural dynamics studied, we are 
observing the 
structures. with different canis lattice con 
stants, and, for this reason, we term this point 
the structural isosbestie point. At this parti 
ular s value, the two structures involved are 
differing equally (24), and their coexistence 
is evidenced in the temporal changes. This 
behavior of interconversion is clearly illus- 
trated in Fig, 2B, where we display, as a 
function of time, the depletion of the initia 
structure and the growth ofthe transient-phase 
Miueture. The data, acquired over the same 
lime delays as those of Fig. 2A (middle), were 
obuained by referencing all frames to the 
difliction profile of the equiibyium structure 

In the inset of Fig. 2B, the 
profile of the (0 0 10) Brage 
spot is shown at two ferent times, 10 and 
130 ps, with each profile fitted 1 Ve 
lype function 

The decay of structure and the 
formation of the new structure are quantified 
by integrating the intensity underneath the 
(0.0 10) diffraction curves. For the difftaction 
data obtained jn Fig. 2B, the green fine in 
Fig. 304 the total integrated intensity divided 
by two, The fact that itis not changing with 


Fig. 2. Diffraction evo- A. 


lution with time. (A) 85 


time rules out the involvement of intensity 
depletion processes, such as those described 
by the Debye-Waller mechanism: in that case, 
the mean vibrational displacement of the atoms 


observed. Moreover, because the linear ex- 
pansion cocticient is a < 1.0 = 10° KT 


(25), a 2.5% inerease in the lattice constant 
would correspond to an unphysical 2500 K 
rise in the lattice temperature. The black and 
red curves are the total integrated intensity 
to the right and left of the erossing point in 
Fig, 2B, respectively. They reflect the popu- 
lation change of the initial structure and that 
‘of the new one. The population of the initial 
structure (black curve in Fig. 3A) decays 
with a time constant of 27 ps, describing the 
‘growth of the transient phase. 

The restructuring at longer times is de- 
picted by Ac as a function of time in Fig. 3B, 
The dashed line near time zero represents an 
average value of ¢ for the structures that are 
present. With no crossing. the value of Ae de- 
creases and reaches an asymptote at ~1 ns, 
This restructuring after the phase transition 
‘can be deseribed by an exponential decay with 
time constant of 307 ps with an offset of 
about 0.04 A. Accordingly. even afier Ins, 
the restructuring is incomplete, and, for com- 


8 
1 


REPO! 


plete equilibration, a much longertime scale is 
required. Some contribution from a temper- 
ature rise induced by the laser pulse may be 
present: the I-ms delay between pulses is 
sufficient forthe cooling of the saunple. 

Another nowble feature of this structural 
phase transition is ity dependence on the 
Alucnce of the initiating pulse, The maximum 
lattice constant change, Arias ~ €(130 ps) 
<@-85 pis), is shown in Fig 4, A (for the 
profiles at three typical fluences) and B (tor 
all the fluences studied), We observe a thresh~ 
fold at $ ndiem?, below which no structural 
change can be detected, Above this fluence 
value, the basie picture described above —a 
crossing point at intial times and continuous 
restructuring at Jong timos--is robust (Fig, 4), 
The time scales do not change either, How- 
ver the lattice constant © of the transient- 
phase structure changes with the laser fhe 
(Fy fhe. Se 7 (F ~ Fgh where the slope p 
0.02 Agndiom?) and Fy is the threshold 
fluence 

Frown the results of structures and dyn 
Jes observed in the cuprate superconduc 
wwe suggest the following simple model. At 
1.55 e¥, the excitation pulse induces cha 
transfer (Fig, 3C) from oxygen (OF ) 10 cop 
per (Cu) in the wh copper-oxygen planes 
(26), With the latice relaxation being involved, 


Profiles of the (0 0 10) 
Bragg spot along the 
‘cas direction at ifler= 
cet times, The fluence is 
20.6 miion?, and the 
temperature is 20 KA 
small background (deter- 
mined experimentally 
from a nearby diffuse 
region on the CCD) was: 
subtracted, Similar dite 
fraction results were 
‘obtained. at room tem 
perature and at T ~ 
100 K. Three lstnctbe- 
havors are shown: be- 
tween 0 and 25 ps (top: 
time ( = -34, -11, 0, 
41, 7,13, 19, and 25 psl 
between 7 and 130 5 
(middle; t= 7, 13, 19, 
25, 34, 43, 52, 61, 70, 
79, 88, 101, and 130 ps, 
theresa prominent stc- 
tural isosbestic point at 


30} 
25 
20) 


15 


$ 
i 


T=300K 


much tonger time scale 
(bottom; t = 130, 191, 
266, 516, 816, and 1300 ps, the restructuring back to the ground state is 
‘observed. For the reaver, the curves continucusty shit to higher s values 
(shorter 6 without crossing, The black arrows indicate the direction of temporal 
‘evolution for the formation and restructuring of the transient phase. (B) 
Difference profites of the (0 0 10) Bragg spot along the c-axis direction at 
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48 
fm) 


and the temperature is 300| 


46 50 52 


48 
s(t) 


different times, referenced to the negative time frame. The fluence is 20.6 mien, 


K. The structural isasbestic point clearly seen neat 


2er0 intensity, and the depletion of the intial structure and the growth of the 
transient structure are apparent. The inset shows the Voigt-type function ft for 
the diffraction intensity profiles at two different times: ~10 and +130 ps, 
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the excitation is shared microscopically (exciton 
‘and finally a transition to a transient 
‘made (macroscopic domain). This 
@ three-dimensional 
c ordering. The net charge distribution in 
the transiont phase results in the weakening of 
interplanar Coulomb attractions, leading 10 
‘expansion along the © axis. The behavior is 
nonlinear in that when the sumber of tran 

formed sites is below a critical value, the ma 
roscopic transition is not sustainable. The 
threshold, which has also been observed in 
organic erystals (7), rellects this need for 
cooperativity at the macroscopic seale. The 
‘crystal domain is at least 20 nin (from the ap- 
parent peak Width sy. which gives the 
minimum coherence length; the maximum is 


charge transfer is in a plane perpendicular 10 
the c-axis expansion, whereas, in (7), charge 
separation is along the axis of expansion. 

‘At any fluence above the threshold, the 
interconversion is between two phases (i 
sbestic point). In order to account for the 

ude of the expansion and its 

© on th 
distribution was considered, after the in-plane 
charge transfer from oxygen to coppse. In the 
domains of the transient phase, the charges on 
copper and oxygen become (Cu) = 2 ~ dy 
and Q(O) = -2 » 9y2, respectively, where 3 
is the transfered fractional charge determined 
‘photons absorbed per copper 

: the changes refer to the copperoxygen 
planes with the valenee of all the other atoms 


termined by the 800-nm wavel remaining the same. The encr- 
Symmetry breaking és not evident because yy Uleye on tye ph Where AF = Ve vow ND ane 
own 
rca 
crac 
omen arses 
quieras 
Cece coornote 
TeoiTmentah Grtementt 
i 
oe 
200350500160 1000 1250 eerie 
Tine (ps) tS 


Fig. 3. Time scales and trajectories of structural changes. (A) Integrated intensity decay (black 
squares) and rise (red squares) of the structural isosbestic behavior shown in Fig. 28. The green 
squares show, at given times, the total integrated intensity divided by two. The average ofthe black 
and red squares yields the green squares. The lines are 2 guide to the eyes. The intensity decay and 
rise give a time constant of 27 ps; the intial ps range is not included. (B) Recovery of the c-axis 
lattice constant change (black squares). The dashed line indicates an average c-axis lattice spacing 
in the phase-transition region where more than one state is involved. The blue curve isa fit to an 
‘exponential decay with a time constant of 307 ps and a constant offset of 0.04 A. (C) Free-energy 
curves. The initial charge-transfer excitation leads, after lattice relaxation and nonadiabatic 
‘crossing (5-7), to the new structure, in this case with the charge being transferred from oxygen to 
‘copper. Further increase in the energy of the charge-transfer subsystem results in displacement of 
the curves (dotted curves) (28), Red arrows indicate excitation, and green arrows indicate the 
relaxation and ronadiabatic processes. (D) The temporal evolution ofthe (0.0 10) Bragg diffraction 
in the s-t space is shown as a three-dimensional plot (bottom). The initial structure of LazCuOeqs 
before time zero (ta is shown in the top right comer [copper (red spheres), onygen (gray spheres), 
and lanthanum (blue spheres). After the phase transition, the new structure js indicated with a 
higher c-axis lattice constant (top left corner). The change is exaggerated for illustrative purposes. 
‘As restructuring takes place, the positions of the Bragg diffraction spots move continuously toward 
the equilibrium s values on a slower time scale. 
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the coordinates of the atoms in the unit cell, 
‘as then calculated as the sum of the Madehing. 
energy and the core repulsion energy; the lat 
ter was modeled as the sum of binary repul- 
sion terms in the standard Bor-Meier form 
of Aexpl-r/dgaq)- where the index j enui- 
erates. the relevant hbor pairs 
(0-0, Cu-0, and La-O), and A and dgyy are 
the pair-wise atomic constants (27). For the 
equilibrium structure (8, ~ 0), the parameters 
‘were optimized to match the experimental 
ly determined equilibrium distances and the 
Known lattice clastic constants, For a 
fluence (aquivalent wo dp), the cohesive energy 
Ur, ry. 6p) Was then calculated to determine 


qa + . % 
Threshold behavior and fluence depen- 
ence. (A) Typical diffraction profiles at three 
fluences: 2.8 (below threshold, 113, and 20.6 mcm? 
{above threshold), The profile for the equilibrium 
phase remains at the same 5 value, whereas that 
forthe transient phase shits toward a lower 5 value 
as the fluence increases. The structural bosbestic 
print is robust. The dashed line indicates the 
direction peak position for the new phase as the 
fluence increases. All peaks are normalized to the t= 
(0 peak maximum at each fluence; the displacement 
for diferent fluences is in arbitrary units (au). (8) 
The cilerence ofthe canis attce constant between 
the tno phases, Apu, = (130 ps) — C185 pd, a6 a 
function of fence. The horizontal axis on the top 
shows the number of photons absorbed per copper 
site as calculated with the use of the linear 
absorption coefficient. There is a clear threshold at 
5 miV/am. Above the threshold, Ac increases linearly 
with fluence, with a slope of 0.02 Alimjkm?) (red 
line. The theoretical calculations (green tne) yield a 
stope that isin good agreement wit that obtained 
from the experimental data, 
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the new erystal configuration by minimizing 
the potential eneray, The calculations wive the 
observed magnitude for the change along the € 
axis and the linear dependence on fluence, as 
shown by the green fine in Fig. 4B. This agree- 
ment of the slope confirms the role of charge 
distribution in the formation of the transient 
phase. full dynamical theory must consider 
such distributions as the system evolves in 
Time. Electron transfer theory predicts that an 
increase in free energy will lead to a shift of 
the potential (28) and to a further increase of 
the expansion (Fig. 3C). 

The dynamical nature of the enengy tund- 
scape is determined by these changes in the 
cleetronic distribution and by the nuclear mo~ 
tions. For other materials exhibiting noutral- 
to-charged domain transitions, Nasu (5) has 
elucidated the origin of local and global mini- 
rma, which ane reminiscent of macromolecular 
structures (29-31), on the ground-state poten- 
tial surface. More than one local minimum 
stale may eXist as a result of nonadiabatic 
“covalent interactions (32) between the 
two potentials involved (5, 6). The rut 
dimensional nature of the landscape requires 
consideration of dynamical trajectories. and 
possible bifurcation (33), in this case with the 
ccavis changes defining @ unique coordinate 
(iA). Figure 3D depicts the observed trajecto~ 
ries in momentum-time space and the two 
structures, only with c-axis expansions (35). 

Unlike the phase formation dynamics, the 
recovery is a continuous process of shrinking 
in the c-axis value without crossing. In other 
er the femtosecond initial exeitation 
‘and charge separation, the photoinduced phase 

is ‘only recover toward the equi 
librium structure by charge recombination and 
lattice relaxation [Fig. 3 and (5-7)), For 
eketron transfer processes (28), the recom 
bination occurs on a much longer time scale 
than thot of the charge transfer For the 
ccuprate, the time seale is more than an onder 
‘oF magnitude longer than the Formation time 
‘of the transient phase. Optical phonons may 
‘he involved, but when the temperature was 
lowered fom T= 300 to 100 oF 20 K. we 
observed essentially the sime recovery time. 
‘These observations suggest the involvement 
‘of lattice (acoustic) phonons, because the 
Debye temperature for this material is 163 K 
(46), The observed decay time of 307 ps is 
very clase to the lifetime (300 ps) of coherent 
acoustic waves observed in the same material 
Gr. 

Finally, the meaning ofthe threshold value 
for the cuprate is addressed. What was not 
‘expected was the absolute value of the thresh= 
‘old in relation to charge distribution. Knowing 
the value of the threshold (3 mem?) and the 
absorption coefficient at 800 nim (a= 7» 10 
em ') (22), we obtained a value close to 0, 
photons per copper site. For the doped mate- 
rial used, the factional charge on a copper site 
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is 0.16 at the optimal doping level for 
superconductivity. The implication of this 
similarity is that chemical and light-induced 
carrier doping may be related. If general this 
implication is important for the prospect of 
Tight-mediated control. When cuprates are 
oped chemically. the optical conductivity 
shows that the spectral weight of the change- 
transfer gap is transferred into the intragap 
region (Mott transition); the photoinduced 
‘optical reflectivity and absorption display a 
similar behavior (26, 38) 

The combined atomicscale spatial and 
ultrafast temporal resolutions of UEC enabled 
the direct observation of structural nonequi- 
Hibrium phase transitions in nanometer-scale 
materials, The macroscopic transient struc- 
tures are undetectable by optical probes with 
wavelengths longer than lattice spacings: the 
time scales of optical reponse and structural 
changes are also very different. For the cuprate 
studied. the observed phase transition is the 
result of electronic charge redistribution and 
lattice collective interactions that form do 
mains. The similarity of the apparent thresbokd 
for photon doping and the chemical doping 
required for superconductivity may have its 
Crigin in the nature of the photoinduced in- 
verse Mot transition (39). With LEC, itis now 
Possible 10 explore these phenomena for dif- 
ferent chemical and photon dopings an! in 
materials of varying structures. 
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Negative Refraction at 
Visible Frequencies 


Henei J. Lezec,*?*t Jennifer A. Dionne,"* Harry A. Atwater” 


Nanofabricated photonic materials offer opportunities for crafting the propagation and 
dispersion of ight in matter. We demonstrate an experimental realization of a two-dimensional 


negative 


-index material in the blue-green region of the visible spectrum, substantiated by direct 


‘geometric visualization of negative refraction. Negative indices were achieved with the use of an 


ultrathin Au-si 


Ag waveguide sustaining a surlace plasmon polariton mode with antiparallel 


‘group and phase velocities, All angle negative refraction was observed at the interface between 
this bimetal waveguide and a conventional Ag-SisNe-Ag slot waveguide. The results may enable the 
development of practical negative-index optical designs in the visible regime. 


hen besa oF Hight cncrs material 
\ \ ] from vacuum or air at non-noema inci= 
dene itundergeesrefinction —a change 
ints direction of propagation, The angle of eta 
on depends one abso a refractive 
index of the madium, according to Shel’ aw, For 
all naturally occuring substance, the bem is e~ 
Acted tothe opposite side ofthe interface noma, 
‘and the reffactive inde is taken 1 be positive 
11968, Veselago studied a theoretical mari 
with simultaneously negative etic permiivitye 
and magnetic permcabiity jan pried that it 
would have a negative inks of reaction 1 (D. 
Light crossing: the boundary between seh a 
‘medium andl one with positive reactive ince 
would retiet tothe same side ofthe nom. Such 
«a dotlection, termed negative refition, was pre= 
dicted to lea! 10a variety of enabling applications, 
‘most notably subwavelength focusing with resolue 
tion well below the difaction init 
Considerable re 
developing artificial electromagnetic media with 
negative n resulting from negative e and yt 3.4 
Such media, known as nogative-index materials 
(NIMs), were fist implemented at microwave 
fivquenties on the order of 10 Gitte by means: 
periodic assemblies of millimeter-scake splitting 
resonators anx! wires (5, 6). Negative values of 
and w wore simultaneously achieved via, respec 
tively the resonant capacitive-inductive response 
OOF the split-rings (7) and the effestive plasina 
response of the wire lattice determined by mutual 
inductance (8), Allangle negative retaetion in 
Iwo dimensions was then demonstrated by direct 
observation of plane-wave refraction thro 
prism:shaped segments of sich assemblies (5,6) 
Efforts are now directed toward scaling 
down NIMs for operation at optical frequencies 
(9, 10), So tar, structures have beca limited to 
fone (1-14) oF a few (13) layers of discrete 
resonator elements. Transmission and reflection 
specira measured with out-of plane illumination 
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enable retrieval of, and (16%; inthis man- 
ner, negative indices were inferred at infiared 
frxquencies (17-13, 15) and recently at the ret 
end of the visible spectrum (/4), However, 
because the thickness of such NIMs is substan- 
tially smaller than the free-space wavelength, the 
ineraction volume with the inckkent radiation 
presumably remains too small induce angular 
deviations of light with sufficient amplitude 10 
provide direct evidence of negative refraction 
Here, we demonstrate a planar NIM at visible 
froquencies. tis based on the propesal that a 
suitably designed meta-insulsor-metal (MIM) 
waveguide can act as a twotimensional NIM 
characterized by an effective andy that are both 
neyative when averaged over the thickness ofthe 
waveguide (7-20). The negative response arises 
from the in-plane isotropic dispersion propertics 
of a transverse magnetic (TM) mode involving 
coupled surface plasmon polarons (SPP) at 
eich metalticketric interfice. For fhequencics 
bone the surfice plasmon resonance frequency 
‘@sp. but below the bulk plasmon freyucncy cm 
the dispersion curve exhibits negative slope 
Aeading to antiparallel group and phase velocities, 
meaning that the energy and phase fronts 
propagate in opposite directions. Such a mode 
then behaves as if it had a neyative index of 
reffaction (22) It is the only sustained mod, 
this index can be considered to be equivalent 10 


the eft index Of reaction of the 10> 
dimensional medium itself, 

In is eget, we used two MIM wave- 
spits cascale in series wo diel visalae 
Tepstve reftaction, The fiat waveguide 
fisegred to ssin propmgaion of only a single 
smapetveto ede over a bro sot OF tho 
till frequency eange. The second waveguide 
istailored to sustin propagation of only postive 
index mods over he sume range. Scr re 
fabricated by applying a sequence of thermal 
‘evaporation and focused ion beam milling steps: 
to both sides ofa suspend SiyNe membrane, 

Figure 1A illustrates the dispersion properties 
of a planar Ag-SiyNg-Ag waveguide with 
dickctic cone thickness 1 = 500 tnt. Meal 
properties were calculated via numerical solu- 
ot of Maxwel's uations assuming perfect 
coupling between each metallic inrfie 
(24 24, The waveguide sustains a numberof 
TM mmwxes (25), cach identified with the closest 
relod mode ofa parallels waveguide with 
pect metal sare (26), Most mos ic he 
Fat of the lig line 0» ching, whe 
refractive index of the core and ky = 2n/, 
“photonic modes ane characterized by 2 prope 
sation constant = nolo. Iv akition, an SPP 
mode characterized by [> rato and come- 
sponding to degencrate, catofl-free TMg and 
TM tks is preset tothe right of he ight 
fine. Over the entire visible ringe (400 nm < Ag: 
700 nim), all allowed modes obey the condition 
dod > 0, corresponding to a positive 
index of ight in he waveguide 

As the dielectric core thickness 1 is reduced, 
the cult eneny of cach loinc mode i 
creases, For 1 = 30 tat, single allowed mode 
teins inthe visble range: the TMe SPP mode 
fine TM SPP ie of Fig. 1A completely 
axcrued by absorption (2), The dspenion 
ture ofthis mode (Fg. 1B, gry curve) exhib 
a negative slope (devi <0) and hence 
‘index behavior over the ultraviolet frequency 
rnge wi" <a <uft (where ee 
and oft are the resonant frequencies Of the 
Ag-SiyNg surface plasmon and the Ag bulk plas= 


Aa Nga 
t= 50nm 1550 
0.04 0.08 0.12 
B (om) 


Fig. 1. Implementation of positive- and negative-index MIM waveguides. (A) Calculated dispersion 


‘curves for an Ag-SijNe-Ag waveguide with a dielectric core thickness 


300 nm. (B) Calculated 


dispersion curves for Ag-SinNa-Ag and Au-SigNs-Ag waveguides with t = 50 nm. 
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mon, respectively). By swapping Ag with Au i 


tiveslope can be shifted to the interval 470 mam 
530 nm, well within the visible (Fig. 1B. 
blue curve). Caleulated losses for the resulting 
Deqativesindex mode inthis AuSiN,Ag wave 
uide indicate a characteristic power alten 
distance of -$0 1m, as well as an average figure 


imctit FOM 


his FOM appears 


fiom 3 at ho = Le yum 10 0.5 a 
Figure splays a etd f 
experimental device use t 7 

tive reftaction. An AWSiN. 


(1) with a 


positioned between two Alentical Ag-SisNqA 
waveguikles (W2) with thick dieketric cones ( 
500) nim). The 100-1 thicknesses of th a 


Au claddin substantially ku 
the meade skin de 


thick layer of AL 


of subwavele 
Fight into and 6 uke (24), The 
input slit is illuminated at normal ine wit 
TM-polarized laser fight (/-fick! parallel 1 the 
i). The output slit is imaged using a SO: 
objective coupled 10 a liquid ni vole 
charge-coupled deview canner 

Dinwet characters positive oF nes 
tive refraction is achieved by shaping WI i 
prism in the plane of propagation (Fig. 2B). 
wided mode is first launched! in W2 via 
input slit, This mode impinges at 1 in 
dence on the leading ed prism, wh 
it excites a SPP mode tht propagates th 
WI with effective inde iy. The SPP mode i 


WI and W2, at angle 4). The mode is then 
rofracted at an angle @ into & guided mex 
W2 with effective index ri. We estima 

mn the projected posit mode on th 
output slit anu use Snell's law (22) to deter 
the ratio my = Sint p 3) sit 

Refraction results obtained at wa 


alculsted positive and negatives 
of WL (Fig. 1B). 


Figure 3A evaluates wave 


though W2 in the absence of a prism. AL both 
wavelengths, a clear image of the inp 
projected onto 

previous Shecrvallong of lw Micat tod 


in MIM wave, 
Figure 38 illustrates the eflet 
prisms of WI into: W2 


launched by the input slit. Vertical displaceme 


Fig. 2. Sche 
gram of structure 


inplane negative refraction. 


of Au-SijNerAg waveguide 


ith variable dielectric 


core thickness t, and edge 
angle 0 CW") is embedded 
in an AgSishlcAg wave 
guide of fixed core thick = we wr we 


Twosisentendhg ioe RNB, EDAg EES, EEDA ar 
oceania. © Sy 


path of 
dif », 
pouitve 
(0) 


ing hypothetical 


ferent frequencies ilustrat we 


refraction (red. aro 


negative retraction 


50 nm, = 7°) embedded in W2, and (C) one 
Left column: Scanning electron micrograph 
‘evealed by electron transparency. Center and right 

side illumination at ig = 685m 


columns: Oj 
and 514 nm, 


ge of output side, given 


respectively 
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‘of retaction atthe first angled interface, @3. The 
double-prism configuration corrects for differ 
‘ences in the optical path Kength, ensuring tht the 
mode experiences uniform absorption dur- 
ing its transit from input sit wo output lit. Atay = 
‘685 nm, the observed output-spot position indie 
«atte positive refraction at both slanted interfaces 
between WL and W2, with an angle «es 
{In contrast, at Ag ~ S14 nm, the output-spot posi- 
tion indicatesnegative refraction between Wil sod 
W2, with am angle 22 = -S1*. Given the prism 
angle yy = © = 7%, Snel’s law yiekls an index 
ratio yng = °0401 and 6.26 at Ao = 68S nm ana 
S14 nu, respectively 

Similar trends are observed when a single 
prism of WI is placed in the path of the guia! 
made in W2 (Fig. 3C), The siraight ouput sli of 
Fig, 3B is replaced with a semicioular slit 
‘ensure that the refracted mexke interscets the sit at 
‘noma incidence for any refraction anak, Ato = 
{6X5 nm, the postion of the output spot indicates 
Positive reliaction at the interface between WI 
fan! WW2, with an angle «pa = +01. Wh do is 
reduced 19514 nm, the outputs position sis, 
indicating newative refraction at the interface be 
twwwen WH and W2, with an angle qs = 3,7" 
Given the incident angle yy ™ 7%, Snell's law 
‘yields an index ratio ny/nx™ 10.01 and -S.S7 at 
do ® O85 nm and $14 nm, respectively. These 
Values are in good agrcement with those measured 
using the double-prism configuration of Fig. 3B, 

‘To derive the mode index of the thin 


index of the surounding thicker 
Ag-SiNeAg wavepuide, ny. To circumvent the 


Fig. 4. Measured mode 
index (A) and mode d= py 
persion (B) of Au SiN AQ 

prisms wth various values 
‘of f,and 0, fr fequencies 
Spanning the negative: 
index. region, The calcul- 
ated dispersion curves 
for limiting cases t = 
350 nm and t = 50 nm 
are ao included, 
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dificult of estimating m theoretically given the 
riction of mohimodtal dispersion properties for 
W2 (Fig. 1A), we measured mg directly by an 
inerfevometric tehnigue 
‘we obtained nz = O82. which implics effective 
refactive indices for the AuSiNeAg wave- 
‘guides of Fig. 3 that are both lange ann! negative: 
my ~ 46 and -S.1 fo Fig 
tively. At Ag ~ 68S nm, we measured 1s 
‘yieking a very small postive index my = O01 in 
bon eases. The effective index my of a number of 
isms with different angks 0 and dicketic core 
thicknesses fis summarized in Fig. 4A; data are 
tabulited for closely spaced free-space wave- 
Jongihs spanning the prodictod ncgativeinden 
region. In particu, the relative invariance of my 
a. fanction of © confinns that our strictures in- 
deed obey allange in-plane refraction aeconding 
to Snell's hw (22). Finally, we pote the fll set 
oF refraction data my(4) as 4B), yickding the 
dispersion behavior of the gained mode in the 
ism (Fig 4BX, the dispersion curve clearly 
presents a negative slope for ho betwoen 476 and 
$14 nm, in good agreement with calculations 
Using specially tailored metal-insulater-metal 
waveguides, we have realizad a planar materia 
with an efletive negative reffactve inde fn the 
‘lu green region of the visible spectrum, Iotrpic 
negative refetion in two dimensions is dirty 
‘observed: in resonatorchased metamaterials. such 
‘a measurement has 30 far been achieved aly in 
the microwave regime. Nonresonant negative- 
index behavior is achieved over a broad ~S0-nm 
(-4o/10) wavelength range, which can in principle 
be farther extended by increasing the dicketric 


constant of the waveguide core, The structure is 
straightforward to fabricate because its per 
formance depends only on the plasmonic proper- 
ties of two smooth metal-iclectric interfaces and 
4 single critical dimension adjusted to ensure 
‘monomode beluvior the thickness of a silicon 
nitride film. The approach appears promising for 
Ssraightiorward two-dimensional implementation 
of theoretically predicted negative refraction- based 
devices, such as a perfect lens capable of non 

quasistatic, far-field focusing with subwavelength 
‘solution (2), In addition, the inherent simplicity 
of the structure hints at its potential as a buikling 
‘block fr finureatiticial media capable of allsanghe 
negative reffaction in three dimensions (1, 19), 
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Creep-Resistant, Al,03-Forming 
Austenitic Stainless Steels 


Y. Yamamoto,* M. P. Brady, Z. 
K. L More, H. M. Meyer, E. A. Payzant 


Lu, P. J. Maziasz, C. T. Liu, B. A. Pint, 


‘A family of inexpensive, AlzO3-forming, high~creep strength austenitic stainless steels has been 
‘developed, The alloys are based on Fe-2ONi-14Cr-2.5Al weight percent, with strengthening achieved 
through nanodispersions of NDC. These alloys offer the potential to substantially increase the operating 
‘temperatures of structural components and can be used under the aggressive oxidizing conditions 
‘encountered in energy-conversion systems. Protective AlzO scale formation was achieved with smaller 
‘amounts of aluminum in austenitic alloys than previously used, provided that the titanium and 
‘vanadium alloying additions frequently used for strengthening were eliminated. The smaller amounts of 
aluminum permitted stabilization of the austenitic matrix structure and made it possible to obtain 
‘excellent creep resistance. Creep-rupture lifetime exceeding 2000 hours at 750°C and 100 megapascals 
in air, and resistance to oxidation in air with 10% water vapor at 650° and 800°C, were demonstrated. 


nie key to restucing emissions and 
O: igeficknck in erey-convena 
systems isthe development of new sus 
tural materials with higher-temperature capability 
(U..2). Areas of need range from thin metal foil 
for use in turbine recuperaors to high-pressure 
steam tubing in ossil-fired wltrsupereitical steam 
plants. The dilemma is that higher operating te 
peratures shorten component lifetime by increas 
ing the rates oF degradation phenomena such as 
timesdependent deformation (creep) and oxi 
tion, which result in ess of structural integrity and, 
ultimately, tile. The challenge is to improne 
both high-temperature eregp strength and oxi 
tion resistance, and yetachieve ita affordable cost 
for industrial use, There have been majoradvances 
nperature alloy classes. ranging. from 
‘oxide dipersion strengthened (ODS) alloy, inter 
inetllic alloys, and Ni-base superalhys. How 
ver, al ofthese are either prohibitively expensive 
‘or have yet to exhibit the desired combination of 
properties, oxidation resistance, and 
turability needed to make them viable for 
Widespread use as heat-resistant components in 
‘enengy-converson 
Face-centered-cubie (fee) austenitic stainless 
stools ae the primary material ofeonstruction for 
high-temperature use C400" to 650°C) in these 
applications (), owing to theie combination of 
relatively yood high-temperature ercep strength 
and oxidation resistance at a relatively low cost 
{about 10 49 204% that of Ni-base alloys Notable 
zs have been made in recent years in impo 
ing the ewep strength of austenitic stecls through 
cconitol of dispersions of MC carbides and 
bonitrides (where M is Nb, Th or V) and rested 
phases at the nanoscale (3, State-of-the-art 
alloys curenily offer good ereep strength up to 
~750P to 850°C. However, from an oxidation 
standpoint, this can also be well above thei prac- 
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tical temperature limit, particularly in operating 
‘environments that also contain water vapor or 
aggressive sulfur and carbon-containing gas 
spocies, because of inhcrent limitations (5) of 
the CrOy-base protective seales formed on these 
alloys. Resistance to water vapor is crucial, be- 
‘cause itis found in Virtually all combustion envi 
ronments. However, the CryOs protective scales 
formed on austenitic stainkoss steels are substan 
tially compromised by water vapor due to the 
formation of volatike Cr oxy-hydronide species 
(5-7) which then results in aceslerated oxidation 
Kinetics and unacceptable material hose rates i 


scales exhibit par 
bolic growth-rate constants that are an onder of 
magnitude lower than those of Crs0y-hase scales 
and are Viewally inmumune to water-vapor effets 

a the GO" to XSO°C range oF interest (5-7) 
‘Mumina is ake more theanodynamically stable 
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in oxygen than C10; and offs far superior 
protection in many industrially relevant environ 
mens. A number of atiempts have been made 
‘over the past 30 years to ereate ALOs-forming. 
FFechase austenitic tainlessstels for use as high 
‘emeature ruc alloysfew..(7-12)) butnone 
Jay succonded. The metalunsical intretability 
ca be fundamentally traced to the very strong, 
body-centered cubic (bee) stabilizing effects of 
‘Alon Fe. Theconcentations of ALtypically used 
tw achieve AIO, scale formation [410 $ weight 
peveent (wt 6) stabilizes the weak bee forte 
phase at the expense of the parent face-centered 
cai (Foe) austenitic matriy, resulting in loss of 
creep strength. (The bee polymorph of Fe 


GO07C.) Efforts worklwide have, therefone, fi 
‘cused instead on development of coatings andlor 


Ws fog. (3, I). 
an improve oxidation resistance but als 
add cost and processing diflicultcs and have ne 
Tiability and compatibility issues due 40 inter 
diffusion with the substrate austenitic alloys 
The HTUPS (high-temperature ult 

precipitation-trengthenea sel family of i 
itc alloys (15) was chosen as a staring point for 
exploring alloy behavior typical composition is 
Fe-4Cr-16Ni-2.SMo-2Mn wt base with addi 
tions of B,C, Nb. P, Th and V 10 form stable 
rnanescake precipitates for sarengthening at ele 
Valed temperatures (Table 1, These alloys exhibit 
among the highest creep strengths reported for 
austenitic stailessstcet alloys, with ercep resist= 
ance approaching that of far more expensive 
Ni-base, ChOy-forming alloys such as alloy 
617 up to temperatures of ~700° 10 750°C 
However, they were developed for advanced 
nuclear reactor environments where gas-metal 
‘oxidation was less of a concem, and their oxida 
tion resistance fs relatively poor, even in dy a, 


fin 


Table 1. Alloy compositions obtained by chemical quantitative analyses, 


Compositions (wt %) 
times “MUP rues owTurs2=«wTURS3 UPS 8 
ie wae 
Ni a 19.97 19.98 19.95 
bi fy ue ia 
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Recently, we explored a different alloy- 
development strategy by using Lavessphase pre- 
<ipitaes to strengthen the austenitic stainless-steel 
alloys: modified by Al, and we found that Al 
levels of only 2.4 and 3.8 we% were sufficient 10 
form AbOy-base scales at 700° to SOFC in air 
with 10% water vapor, but these alloys did not 
show sufficient high-temperature ereep strength 
(16, 17), Keres etal. (18) also reported that as 
Tine as 1 wt % Al was enough to impart ALO, 
seale formation in the presence of water vapor at 
650°C in bee FeCrAL alloys, whereas 4 wt" Al 
was needed at 980°C. In general, ALLOs-forning 
MCYAL and related alloys (M is € 
have required 4 to 3 wt %w Alto provide a suff 
ccignt AL reservoir 0 maintain ALOs scale for 
ation under long-term, very high-temperature 
corniions (10.000 hours, 900°C) for use as 
tive coatings oF low-load applications such 
ng ckrments (3), similar AL content was 
also used in the development of ALLOs-forming 
stainless-steel alloys (7-12) 
Three alloys were initially stuxlisd, HTTUPS 
2Owt to kevel of Nito 
slabilize the foe austenite structure, but with 0 
Al addition, We added 24 wt s AL to make 
HITUPS 2 andl 3.8 wt % AL to make HTUPS 3, 
Analyzed compositions are shown in Table 1 
The alloys were are-cast, solution-trcate, a 
thermomchanically processed at 1200°C to 
proxluce a 100 jam, and then 10% 
cok! rolled to introduce dislocations to enhance 
precipitate nucleation. The HTUPS-type alloys. 
rely on dislocations associated with cold work 10 


Twas a control alloy with 


in size of 


sous nucleation sites for stale, 


at as hetero 
nanoscale MC carbide precipitates (M is Nb, Ti, 
‘or V), which a 
high-temperature crosp strength of these alloys 
(ZS). Plate tensile specimens with 0.5 mm by 
3.2 mm by 12.7 mm at the gage portion were 
prepara by electro-dischange machining. polished 
With SiC paper to a 600-grit surface finish, and 
then ereep-nupmire tested a 780? 10 880°C andl 70 
to 170 MI 

Crvep curves at 750°C and 100 MP. . 
HITUPS 1, 2, and 3 are shown in Fig. 1. This isa 


then the source of the excelent 


Fig. 1. Creep curves of 18 
HTUPS series tested at 

750°C and 100 MPa in air, 
The creep testing of HTUPS 
1 and 2 was stopped after 
170 hours and 2300 hours, 
respectively, because of 
their relatiely poor oxida- 
tion resistance and concems 
about the possible influ- 
ences of oxidation products 
on the thinsection spect 
mens used to assess creep 
rupture life. 


0 


Creep strain [%] 
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very demanding ercep-test condition, under which 
‘conventional austenitic alloys such as type 347 
stainless-steel alloys (Fe-I8Cr-1INi2Mn wt 
base) rupture in Kess than ~100 to 300 hours 
Stute-of the-art austenitic stainks-sec alloys such 
as NF709 (Fe-2SNi-20Ce-LSMo-IMa wt base) 
‘can exhibit excep-rupture lives from ~2000 10 
(6000 hous under these conditions. The control 
HITUPS 1 alloy exhibited a low creep rate, con. 
sistent with the reported behavior for this class 

icated that the increase ia Ni 
did not adversely affect creep 
The HTUPS 2 also exhibited a how 
Al 
AL 


of alloys. T 


level 10 20 wi 
bchavior 
creep rate, indicat 
However, the ITTUPS 3 alloy with 3.8 wt 
ruptured after ~700 hours. 

At the 24 wi % Al level of addi 
HITUPS base alloy, a Ni level of 20 wt % was 
suflickent ws maintain the stability of the aust 
iti phase structure, and excellent ercep resistance 

nel. In the ~3.7 wo 3.8 wt % Ak 
1g HTUPS 3 alloy, ~4 volume "sof the 
weak bee deta-ferrite phase (with an open latice 
present in the microstructure after 
solution treatment at 120°C due 10 the bee- 
stabil FAL On exposure at 750° and 
OOF, these deha-ferite bee regions ta 
Toowune sigmaphase panicles, with ~9 volume 
1a phase evident afler 72 hours at 800°C 
2B, inse 
fons are also hocally de 
ing precipitates. Fut 
phase is itself brittle and then acts. asa preferential 
site for erack initiation. These factors result in the 
‘compromised creep resistance of HTUPS 3 ant 
alloys with higher 


olerance for 24 wt 


structure) 


formed 


sin 
(Fig 


Such micrometer-scake sigma 
Fhe NOC 
, the si 


lar Fe-base a 
unis of AL 
Backscatteral chet 
graphs of HTTUPS 2 anxl 3 stels afier 72 hours 
‘oxidation at SPC in air are shown in Fig. 2 
Neither the 24 nor the 3.8 wt % level of Al ad 
dition was sullicintto impart ALO} scale fe 
tion. Rather, the AI was intemally oxidized, and 
the extemal scale consisted of faster-growing, 
wective mixed Fe and Cr oxide phases 
This result was surprising given that devel 


[ees] 


000 
Time [hy] 


1800 


‘opmental FezNb (Laves phase)-precipitated 
Fe-20Ni-1SCr wt % hase alloys formed a prowe- 
tive AbOs seale at levels of 2.4 wt AL(/6, 17), 
These alloys were of composition similar to that 
of HTUPS 2 and 3, but without the small add 
Hor V (0.3 andl OS wt, respectivel 
Table 1), We therefore designed the HTUPS 4 
alloy (19), which contained 24 wt" AL but 
without Ti or V additions, and the amount of Nb 
was increased 40 compensate for the absence of 
Tiand V (Table 1). Despite the absence of Ti and 
\V. the HTUPS 4 alloys stil exhibited excellent 
crvep resistance at 780°C and 100 MPa in ait, 
ha moderately lower erecp-rupture 
life than that of HTUPS 2. Further, as shown 
in Fig. 2C, oxidation for 72 houry at SO0°C in air 
resultod inthe formation of a continuous, extemal 
AlOs-base scale, Alloying additions of 371 
vl 0.5V ato were then added to an alumins- 
forming FegNb Laves phase-precipitated alloy 
(16, 17) of base composition Fe-21Ni-14Cr- 
1eIND-2SAL wt These axditions resulted in 
poor oxidation resistance similar that shown in 
Fig 2, A and B. 

The observed microstructural f 
imcmnal alumina precipitates in the near-surface 
sogions of the oxidined ITTUPS alloys 2 and 3 fit 
well within the phenomenological framework 
«tablished by Wagner (20) governing the trans 
tion frown inna 
tive) scale format 


tions of 


albeit w 


ures. of 


idation 10 extemal (protse- 
n. Acconding to Way 


(internal oxidation) 


‘Bim 


Fig. 2. Backscatter electron images after 72 
‘hours of oxidation at 800°C in air. (A) HTUPS 2, 
(B) HTUPS 3, and (©) HTUPS 4. 
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on (inthis ease Al) can be 
W a lus criteria based on & compe 
tion between inwant oxygen permeation and 
‘outward AI diffusion, Allaying additions that 
increase oxygen permeability or decrease AL dif. 
fusivity would raise the amount of AL needed for 
protective alumina scale formation. Given the 
high thennodynamic stability of Ti and V with 


increased tendency for intemal oxidation because 
of incrwased oxygen permeability, consistent with 
‘our results, Modification ofthe oxidation kincties 
resulting from doping of the initially: formed 
‘oxide seales by Vor Ti could also play a contnib- 
tory role 

Many high-temperature austenitic stainless 
steels and related alloys do eature additions of 
uxtor V to obtain gor! high-temperature 
th, through precipitation 
sd phases. Other high- c 
‘austenitic alloys also contain high levels of 
nitrogen, which can react with added Al, 
resulting in poor ereep behavior (2/). This 
‘accounts for the inability of such stainless steels 
to fom protective AlOs seakes at the lower 
levels of Al needed 1 
fee austenitic structure, 

To better assess oxidation resistance, we eX- 
posed ~I-mnthick samples of HTUPS 4 at 
{650° and 8OO?C in aie with 1(P% water vapor, an 
nent that is extremely a 


Mass change (mgiea) > 


Fig. 3. (A) Oxidation kinetics in air with 10% 
war vapor (10 to 100 hours cycles) INF7O8 data 
from (22, 23)].(B) TEM bright-field cross section 
of scale formed on HTUPS 4 after 1000 hours at 
800°C in air with 10% water vapor. 
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conventional CrOs-foming alloys (7). Low 
spevific-mass. gains, consistent with the slow 
‘oxidation Kinetics of protective AlsOs scale 
formation, were observed over the course of 10 
eles (1000 hours total ime at temper 
A}. By comparison, ~100.im-hieck 
NET09 (Fo-23Ni 
ant Cr05-forming 
y. showed moderately 
mass gains than HTUPS 4 (Fig. 
3A) However, the mass-change data for NF709 
3) reflect both the balance of oxygen uptake 
on chromia and mass loss from volatilization 
of the chromia, such that the mass-change curve 
underrepresented the actual rate of oxidation and 
(Creonsumption. At 800°C in air with 10% water 
vapor, NF709 foil suflers fom volatlity-triven 
(CeO scale breakdown and extensive Fe-axide 
nadule formation afler only 5000 10 7000 hours 
‘of exposure, depending on foil thickness (23), 
Even at 700°C in air with 10% water vapor, 
NF709 alloy foil exhibits the onset of Feoxide 
nodule formation afier ~10,000 hours (23), The 
desire! durability for these applications is 40.000 
4 100,000 hours. The available data indicate that 
alumina scaks forming alloys are not adversely 
aflgeted in air with water vapor at these temper 
‘atures, owing to the high stability of AROs in 
water vapor (6. 7) 
A beight-ield transmission electron micro 
graph (TEM) cross-sectional image of the scale 
formed on HITUPS 4 after 1000 hours at 800°C 


_gas-turbine recuperator fi 
20Cr base}, a state! 


Fig. 4. Micostructure of HTUPS 4 after creep 
testing for 2200 hours at 750°C and 100 MPa. 
(A) Backscatter electron image and (B) TEM 
bright-field image. 
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in air with 10% water vapor is shown in Fig, 3B. 
The seake consisted of a 40-10 SO-nm inner 
on of columnar «-AlgOs (width 75 to 100 


‘nm) adjacent to the alloy ancl an overlying 60- 10 


100-ni-thick, fine grained (<20 nm) interned 
layer of transition ALO, + C103 * pores 
seme seal regions 005. to 0.Sum columnar- 
ined surface layer of itenmined ALCr-Fe-O + 
ALCrMiFe-O-tich phase was also observed, 
4s were occasional nodules 110 $ jim thick con 
laining some Nb-rich oxide regions. Auger elee- 
won spectoscopy profiling indicated that the 
cxide seake was Abtich, with generally less than 
10 atornic* Fe, and Si. The 
cake miicostructure is consist 
‘ith the measured oxidation kinetics, which ind 
cated relatively high mass gain during the fist 
few hundred hours of expasure (when the mised 
codes were forming), followed b} 
to slow, protective oxidation kine 
AIO) layer developed 

Figure 4 shows the microstructure of UTUPS 
4aflerereep-eupnute failure following 2200 hours 
750°C and 100 MPa, The grain boundaries in 
tbealloy matrix were decorated with intermetallic 
FeNb Laves and NiAI phases, as well as some 
course NOC (Fig, 44), Procipitation of NiAL is 
consistcot with previous studies of Abmaifed 
stainless sels (Y), The FesNb Laves phase and 
coane NOC regions suggest that the amount of 
Nob was too high, such tha this alloy ean be de- 
signed wo futher optimize its performance. The 
coarse intergranular Laves phase, NiAL and NOC 
prceipitates likely did not contribute appre 
by to the ercep resistance because they were 
generally on the onder of micrometers, as com 
raed 0 the nanoscale intragranular precipitate 
size achieved with NOC. Despite these grain 
boundary phases, ductility at rupture exceeded 
13%. Uniform nanodispersions consist 
NOC carbides (10 nm 
served throughout the microstructure (Fig. 4B), 
With extensive dislocation pinning, indicating 
that these were the source ofthe excelent ereep- 
‘rupture resistance shown by this alloy 

Figure 5 shows a Larson Miller parameter 
pilot (ic, stress vers time-temperature para 
ster for ereep rupture) for HTTUPS 4 tested be 
tween 750° 10 850°C and 70 0 170 MPa relative 
to current high-temperature alloys, The creep 
rupture resistance was comparable 1o the kes 
exhibited by state-of then austenitic alloys such 
as NF709 (Fe-28Ni20C¥-1.SMos1Mn wi 
and in the range of peformane 

base alloy 617 (Ni-2C-13Co 
‘wt base), but with the advantages of AOs 
scale formation fer than C130 for long-term 
durability and higher operating temperature 
unr ageressive ening conditions. The ma 
terial cost of the HTUPS 4 and related alloys 
should be moderately Jower than that of N 
andbe considerably lower than tat of alloy 617 
‘owing w lower amounts of expensive Co, Ci 
Mo, and Ni. An initial weldability assessment of 
HITUPS 4 via gas tungsten are weld pass also 
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Fig. 5. Larson Miler ‘Temperature for 100,000h ruptures [°C] 
Parameter (UMP) of HTUPS 80620 6507074780820 
series ploted a5 a func- 

tion of stress, together wit 


those of some bench- 
mark commercial high- 
temperature austenitic 
stainless steels and the 
Nibase ay 617 24-26). 
The LMP scales with both 
cceeprupture time and 
test temperature, 


‘21000 2200023000 


70002000 38000 27000 8000 


LMP {=(T(°C}+273)(C+ 109 fours (h), C=20) 


ed amenabilty to joining by conventional 
niques, which is a key requirement 
five many applications, 

The finding that low amounts of AL are sul 
jn t form AhOy scales on stable fe ausenitic 
infos sacl iT and V akltions are crated 
{or minimized) also holds great promise for moa 
other existing familics of high-emperature 
alloys for AbOs seale formation, not just the 
HITUPS family. Creep-resistant, ALOs-forming 
‘ustenitc stainless steels will enable higher oper- 
ating temperatures and greater durability in a range 
‘oF enery-conversion system applications, as ell 
ain the chemical anal proces industri 
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Synthesis of Ultra-Incompressible 
Superhard Rhenium Diboride at 


Ambient Pressure 


‘Ying Chung,’ 
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Jenn-Ming Yang,* Sarah H. Tolbert,*t Richard 8. Kaner™*t 


The quest to create supeshard materials rarely strays from the use of high-pressure synthetic 
methods, which typically require gigapascals of applied pressure. We report that rhenium diboride 
(ReB,), synthesized in bulk quantities via arc-melting under ambient pressure, rivals materials 
produced with high-pressure methods. Microindentation measurements on ReB indicated an 
Average hardness of 48 gigapascals under an applied load of 0.49 newton, and scratch marks left 
‘on a diamond surface confirmed its superhard nature. ts incompressibility along the c axis was 
‘equal in magnitude to the linear incompressibilty of diamond. In situ high-pressure x-ray 
diffraction measurements yielded a bulk modulus of 360 gigapascals, and radial diffraction 
indicated that ReB2 is able to support a remarkably high differential stress. This combination of 
properties suggests that this material may find applications in cutting when the formation of 
carbides prevents the use of traditional materials such as diamond. 


tivated by a need for robust, chemically to seratch-resistant coatings. Although dis- 
i mond, with the highest known hardness (70 


T: design of superhard materials is mo- cations ranging from abrasives and cutting tools 


diverse compounds for industrial apy 


20 APRIL 2007 VOL316 SCIENCE 


to 100 GPa), hs traditionally been used to 
fulfill many of dhese needs, there are fits to is 
applicability mpl. diamond is not used 

‘cut steel and oiber ferrous metals because of 
the detrimental formation of iron carbide during 
high-speed machining. Therefore, thew isa 
rnced for synthetic materials that eat be use i 
place of diamond. Cubic boron nitride (BN), the 
second hardest material 45 10 50 GPa), is used 
tw cut steel because iron borides and nitrides are 
much less stable. However, cubic BN must be 
synthesized under extreme pressures (> GPa) 
and temperaturcs (>1S00°C), making it expen 
sive (1), Two other compounds that have been 
synthesized recently, BgO (2) and cubic BC2N 


“Department ol Christy and Biachenisy and the Cafia 
NanoSysers Inst, Univesity of Cato, Los Angeles, CA 
90095-1569, USA. “Deparment of Neri Science and 
gineering, Univesty of Cabos, Los Angeles, CA 90095 
1595, USA "Department of Earth and. Space. Sciences, 
Univesity of Calo, Los Angeles, CA 90095-1567, USA. 
‘These authors contibuted equally to ths work. 

‘le whom comespondence should be addressed. Eat: 


hemucla.edu (54.1); kaner@chem.ca.edu 
a 


yaw sciencemag.ora 


(3), rival the hardness of cubic BN. However, 


their syntheses also require extreme pressures, 
exoceding 5 GPa for BO and 18 GPa for 


BON, 

(Our approach to creating ulia-incompressible 
supethard materials has been to optimize wo 
design pa igh valence-clectwon density 
and bond covalency (4, 5). High electron den 
sities can be founxl among the later transition 
metals, whereas small firs-sow main-group cle 
ments, such as B, C, and N, fonm the strongest 
‘covalent bonus (6), Among the transition metals, 
Os has the highest valence-clectron density 
(0.572 elvctrons/A’) and a reported bulk, modu 
fus between 395 and 462 GPa (7-9) that rivals 
that of diamond (442 GPa) (10, 11), Howew 
unlike diamond, the hardness of Osx metal is 
‘only 4 GPa. This can be explained by the non. 
directional metallic bonding in Os versus the 
shor, highly covalent, directional bonds foamed 
by sp? hybridiza! © atoms in diamond. The 
sirength and directionality of covalent bonds 
Fimit the creation an! propagation of detects, 
which in tum causes diamond t resist plastic 
deformation, resulting in diamond's exceptional 
hardness, By optimizing covalent boeing and 
yeeelection density, we recently suceeeded 
in designing, synthesizing, and characterizing 
an ultra-incompressible hard material, OsBy 
(A). In searching. for even harder materials, we 
looked closely at the elements surrounding 
Os in the periodic table. Re, whi 
ly to the le of Os, has a slightly lower yakence- 
electron density (0.4761 clectrons/A?) that 
proxluces a similar bulk modulus of 360 GPa 
(12). Despite being highly incompressible, the 
harness of Re metal is also low, between 13 
and 3,2 GPa, because of fs delocalized non- 
dirvetional metallic. bonding U3. 14. 
pporating B into the interstitial sites of Re to fom 
ReBy raquircs only a $% expansion of the Re 
This results in the shortest metal-metal 
iny known transition-metal dibordle 
(U5). In contrast, the Os lattice expands. by 
approximately 10% upon the incorporation of BL 
atoms to form OsB and undergoes a distortion 
orthorhombic phase. Applying our desig 
criteria, ReBy is thus considered to be the most 
likely candidate for improving on the mechanical 
properties of Os 

ReBy has the highest B:Re ratio among the 


ctor 


U6) 
‘of covalent bonding. The structure of ReBs con- 
sists of altemating layers of hexagonal close 
packed Re and puckered hexagonal networks 
‘of B (Fig. 1). The result is a compound that is 


and therefore contains the greatest degree 


layered perpendicular to the © axis along the 
(00/) planes. Recent theoretical calculations 
have shown that there are strong covalent B-B 
and Os-B bonds in OsBy (/7-20), By analogy, 
Rey should contain similar covalent B-B and 
Re-B bonds, with the Re-B bonds in ReB 

ested to be shorter and stronger than those in 
‘OsBy because of the minimal lattice expanso 
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ReBz was synthesized under ambient condi- 
tions via three methods, each of which may 
Potentially be scaled up (supporting online text) 
Firs, a solidstate metathesis reaction was ear 
ried out between the metal trichloride and 
MgB. because this process has been used 10 
paxluce many transition-metal diborides, includ 
ing OsBy (4, 2/). Without excess B, however, 
this process forms multiple boride phases. Sce- 
‘ond, Re and B powders were mixed wgether, 
pressed into a pellet, and then liquefied with 80 
‘amps of current in an Ar atmosphere. The result 
\was a solid metallic ingot of ReBs that could be 
Used for hardness testing. In the thind metho, 
svichiometric quantities of Re and B powder 
sealed in a quartz tube under vacuum and 
heated for $ days at LO07'C Powder xray dif 
faction, performed on a crushed portion of both 
the Ned ingot and the polycrystalline 
powder produced from the ckments, confirmed 
the symesis of phase-pure ReBy (fig. SU) 
These materials were then examined by micro- 
om and in ilu high-pressure x-ray 
diflraction technics. 

To dstenmine the Vickers hantness (fy) of 
Rel Wi experiments Were per 
formed using a square pyranidal-shapod di 


Fig. 1. The small dik Ae 
spheres represent B atoms e 
and the rge ight spheres 

tepeesent Re. The sr 
tures agonal with @ = 


29 A and c= 7478 A 
(A) A single rk cel. (8) 
‘Multiple unit cells dem- e 
fonstating, the layered 

structure Viewed perpen- 
dicular to the (370) ple 

of Reb 


; 
dove 


2. (A) Hy of ReB A, 
plotted as a function of ap- 
plied load measured at room 
temperature, using a four- 
sided pyramidal diamond 
indenter tip. The average 
hardness increases from 30 
to 48 GPa asthe applied load 
decreases from 4.9 0. 0.49 N 
(error bars = 2150). (B) An 
ingot of ReB, creates 3 ¥ 
saratch on the surface of a 


ae ee! 
Aptos Load (N) 
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and the applied load 2 Hy was determined 
using Eq. 1 


Hy = 18544 P, 1 

where dis the arthine 
‘onals of the indent 

Five indentations were made at varying loads 

fon cach of 10 grains of ReBy, As the load was 

decreased from 4.9 10 0.49 N, the average hard 

56 


of the wo diag- 


13 w 480 


sexs inereasad from 30.1 
GPa, with a maximum m 
55.5 GPa under 0.49 N of load (Fig 
is comparable wo the haniness of cubic BN wer 
an equivalent load (2). The observed inverse 
‘lationship of applied load to harness has been 
extensively documented in many diferent types 

materials, This phenomenon is referred 10 as 
the indentation size effect, Although many fhe- 
tors may contribute 10 this effect, it is most 
fequently attributed to strain gn 
ity in microindentation experiments (22), The 
superhard nature of ReB was corroborated by 
& piece of ReBy ingot 
ich a polished fice of natural 
cl vo the (100) plane (Fig. 2B), 
ent bonding that results in high 
hardness valucs can also contribute to the clastic 
incompressibilty (bulk modulus) of « material 
To further explore the contribution of covalent 
bonding as well as the possible correlation by 
‘ween valenax-ehsetron density and! bulk 


i pstic= 


a scratch test in whiel 
as used 10 $e 
diamond ps 

The eo 


eee eee 6 


eee 688 668 
eee 660 660 — 


©60 666 660 
eee ceo oe 


ve 


z 


natural diamond parallel to the (100) plane. (C) Scanning electron microscope image of a diamond 
indentation under an applied load of 4.9 N in a ReB, grain yields a measured hardness of 31 GPa, The 
three-dimensional graphic at right corresponds to the crystallographic orientation of the indented 
‘grain. The dashed line is the axis, and the solid lines lie parallel to the a and b directions. (0) 
Indentation on a grain with an orientation diferent from that in Fig. 2C (ee oraphic at right) produces 
2 hardness of 27 GPa, consistent with the anisotropy of the hexagonal crystal structure of ReB. Scale 


bar in (©) and (D), 15 ym. 
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properties data on the elastic volume compress- 
ibility of ReBy were collected via in situ high- 
pressure x-ray diffraction studies. Samples were 
compressed quasi-hydrostatically up to 30 
GPa in a diamond anvil cell, and in situ dif= 
fraction data were collected under pressure, 
From the diffraction data, the fractional volume 
at inewasing pressures was calculated. Fitting 
the pressure volume (P versus ¥/V) data with a 
thind-onder Birch-Mumaghan equation of state, 
the bulk modulus of ReBy was detennined to be 
340 GPa when B(derivaive of the zeo-pressure 
bulk modulus with respect 1 presure) was 
five atthe canonical value of 4. This high bulk 
modulus is in agreement with our understanding 
‘ofthe comelation between valeneeelcetron den- 
sity and incompressibilty (4, 6) 

Ty adaltion 10 bulk volume compressibility. 
the high-pressure diffaction data also revealed 
an anisotropy’ in the compressibility of the two 
different lattice directions of hexagonal Rel 
(Fig 3). As ween in Fig. 3, the © axis iy substan- 
tally xs compressible than the ais an his e 
axis value is very similar to the analogoxs linear 
compressibility of diamond This anisotropy 
results from grater eletron density, and terete 
eater electronic repulsions, along the © axis 

‘We sought to funher elucidate the mechan 
ical anisotropy among. the erystallographic 
pines in Ref through high-pressure iia 
itfvetion experiments (23). These experiments 
differ from the conventional isotropic diamond 
anvil eell experiments deseribed above. Here 


Fig, 3. Theve bs substan- 


the material, held in place by a Be gasket, is 
intentionally subjected 10 nonhydrestatic pres 
sures in a diamond anvil cell The sample sress 
state can be divided into hydrostatic and 
deviatoric components. Hydrostatic compres- 
sion of the sample results in clastic volume 
compression following the material's AV) 
‘equation of state. The deviatoric component 
is more complex, resulting from a com- 
bination of the applicd-stress state and the 
sample mechanical response. To understand 
these plastic deformations, we conser the 
stress state inside the pressure eel. The direction 
of maximum stress is along the loading axis of 
the diamond anvil cell (44), and the minima 
stress direction &s assumed 10 be cylindrically 
symmetric in the plane of the gasket (a3). The 
difference between these Wo stress is the 
differential sires. 1. which, if high enough. is 
capable of producing plastic deformation. Such 
high r values ean be defined by the von Mise 
Yiek! criterion (Eg. 2) 


ey O52 = 6, e 
where t is the shear strength and oy is the 
yiek! strength (23). Therefore, an estimate of 1, 
provides a lower-bound estimate of the ma 
Aerials 

‘The differential siress can be calculated fromm 
measurements of lattice strain in the maximum 
and minimum stress directions and from know 


cage of the single-crystal clastic properties via 


tial anisotropy in the com 
pressibility of eB. The 
‘axis (black symbols) is 
more compressible than 
the ¢ axis (ray symbob). 
The € axis of ReBy & a5 
incompressible as the 
analogous axis of dia- 


mond (dashed line) 
Fig. 4. When noniotropc stress is 
applied to ReB, different planes sup- = 
port varying amounts of differen- 
tial stress. The (110) plane (squared, *[- . . 
whichis onthogoal othe sip panes § a 
in Reb, exhibits the greatest abiity . . 
tosuppr diteenalsves wees & 
the (008) plane (cicles, which tes B gL ES 
parallel to the sip planes, is able to 2 
‘support the least amount. Te 
| 
a a 
Pressure (GPa) 
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The absence of single- 
crystal elastic moduli data necessitates the 
application of isotropic lattice strain theory for 
the analysis of strength in ReBs- In this ap 
the isotropic theory to each 
{attic plane individually, Although substantial 
differences in strength behavior among differ- 
ent lattice planes are an indication of elastic 
anisotropy, we find that for relate systems, the 
full anisotropic analysis does not substantially 
change the conclusions that ean be drawn from 
the data 

For isotropic materials, the diferential stress 
cen be calculated from the lattice stain data 
using Egg. 3 and 4 


1= 660m» 00) 8) 


Exmite = (2E90 * €0)'3 “a 


where G is the agenegate shear modulus of 
polycrystalline sample: thy is the hydrostati 
strain; and € and ¢ are the strains atthe mine 
‘inva and maximum stess orientations, respec- 
tively, These strains, specific for each lattice 
plane, are determined directly from the postions 
‘of the peaks in the xray dation pater. 

The greater the difference in the stain be 
‘weet the minimums and main stress iree= 
tions, the greater the material’ ability to support 
the differential stress in that plane without plas- 
tic deformation. In this experiment, data. were 
collectad from (10 14 GPa (Fig. 4), where Refs 
supports a latice averaged diflerential sess of 
64 10 129 GPa, the highest measured for any’ 
‘material at these pressures, Other superba ina 
Aerials, such as cubic SihNa, ByO, and THB, are 
able 10 support only between $ and 10 GPa of 
differential stress at these pressures (26-28), The 
lattice plare anisotropy is determined by the 
clastic anisoumpy ang perhaps also plastic anisot- 
py, As seen in Fi. 4, the (110) pine of ReBy 
is the stifest plane and. is able to support a 
Aihcronil tess of 17 GPa at 14 GPa of prose 
sure. In contrast, the (004) plane shows a sib- 
stantially hover differential stress, The difference 
in cach lattice plane's ability to support diffewen- 
tial stress can be attributed tthe layered erystal 
structure of ReB3. The (004) plane, which is 
‘orthogonal to the c ais and therefore Ties parallel 
to the layers of Re and B, is likely to be a slip 
plane and a location of stess release inthe 
‘material at high pressures. Consequently, it is 
ale to support less differential stress than the 
‘ther planes studi. I contrast, the (110) plane, 
‘which is perpendicular to these slip planes, is 
able to support the largest differential stress. 
Finally, as expected, the (101) plane, which has 
3 component both parallel and perpendicular 10 
the © axis, has an intermediate value between 
the (110) and (04) planes. 

Having observed that the diferent planes of 
ReBz are able to support varying amounts of 
sess in the conventional and radial geometry 
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high-pressure experiments, we anticipated ob- 
serving this effet in our hardness measurements 
as well. Indeed, Fig. 2A shows that there & 
substantial difference between the highest and 
Jowest measured hardness across grains of Refba 
uunder the same load. This observed spread in 
hhandness values at constant load can be attribute 
to the anisonpic structure of ReBa, combined 
with our inability to contol the erysallographic 
orientation of the tested grains, For example, 
under a load of 49-N. the highest measured 
harness is 32.5 GPa and the lowest obtained 
value is 260 GPa, 

‘We can bein to understand this variation in 
hardness by using electron backscattering di 
fraction to measure the orientations of the grains 
studied (Fig. 2, C and D). The results ind 
that indentations. parallel to the (OA) planes 
‘yiekled the lowest average hardness, a value of 
27 GPa. In contrast, indentations along dies 
tions that contain! langer component paral- 

hee axis [that is, perpendicutar to (04)] 
resultad in measurements with an average hard 
ness of 31 GPa, an increase of 15% The depen 
dence of hardness data_on_ crystallographic 
‘orientation can be explained by the presence of 
the same slip planes described above. Further 
more, because similar anisotropic behavior is 
‘observed in the high-pressure dala, we conchae 
that the radia diffaction study elucidates the 
plastic behavior of the material, giving an indi- 
cation of the yield strength rather than merely 
measuring elastic behaving 


In our microindentation experiments to date, 
we have found no grains with pure (00/) orien- 
tation. As a result, our data demonstrate a mini 
nimi average hardness. iis likely that these 
‘planes parallel to (001), which we were unable to 
dinvetly measure, will have an even higher hard- 
ness and are responsible for scratching diamond 
(Fig. 2B), 


Relerences and Notes 

1 PF. Molla, Not Mater 4,19 2002) 

2D. He et ol Appl Phys en. 81, 643 (O02) 

3. VL Soleteska,D.Andrault Figueroa, 
1. Rate nol. Py Let, 78, 1385 (2000, 

4 LW Gamberand eto | Am Chem, Soc. 127, 7264 
2005). 


5. tncompressiity isthe vestance to eatic volume 
‘ampreson and is reported as bl modus in units of 
‘ipsa. Hardress is esitance opus defomation 
{ds eperted wns offre per wnt area Go 


7. HGjnn IE Klepe, C5. Yoo, . A. Young, Py. Re 
{ers '88, 135701 (2002), 

1 F Ocelot, Pp. Ree. Let 93, 9502 (2008 

9.1. nih, Py. Re. 8 70, 12301 (2008) 
LV. Aeksandoy, ©. Gondarv, A. Zisman, 

SM. Sih, Son Ply TP 66, 388 (1987), 

WL MeShimin, W. L Bend, Pps ee 105,116 (1857. 

MH Manghnani K Kaha, ES Fisher, Ps ev 

9.1421 0979, 

12. CA Hampel, Rave Metts Handbook (Relobeld, eedon, 
960, 

14. C6. Fk, P Deen, ras, Beco-chem. So: 66, 381 
95. 

15. A Vegas LA. Martine Gut, A Ramoy-Gullard, 
AK feta, Z Kristogr. 210,574 (1995). 

16 51a Pac, 8 Pot, Acta Coytaloge 15,97 (1962), 


REPO 


YYZ. hen Hag, J Yang, JG How, 0. Zhu, 
Pips Rex B74, 12302 2006). 

1M. Hebche, LStparevic 0. Zatovi, Sli State 
Commun. 139, 227 (200) 

19. 5. Chieds .. Gass, M. Rus E Sia, Chem. Phys 
{ett 425, 311 2006), 

Gow eal, Aap, Ps: Let. BB, 223904 (2006) 
1 fa, E.G Gian, RB, Kane, J Alter es 30, 353 

95), 

Gua, ¥. Huang, WD Ma, Netuvisenschaten 86, 

507 1999), 

‘AL Root J. Appt Phys. 46,1389 (1975) 

XK Singh, J Appl Ps 73, 4278 (19). 

KK Singh, C Balan. Maa, R. Heme, 

LF. Shu, Aap Phys. 3, 7567 (1998) 

ets, 5. Shit T. 5. Duly, T Skin, Phys. Re. 8 

72, 14102 (200). 

1. We, SR. Shieh, 5. Duty, Phys.Rev 8 70, 184121 

‘ons. 

28. GM Amie, MH, Manga, M.). Somaya, 

‘Fool Py. 99, 23822 (2006). 

‘This work was funded by NSF under grants OAR 

‘O4S3121 (.B., (ARO510914 (AR), and CHS 

(0307322 6.M1), and an integrative Graduate Education 

and Hesearch Trainesip (8. Use ofthe National 

‘Syncvotron Light Source, Brookhaven Hatin 

Laboratory, and te Advanced Ught Source, awence 

Berkley Mata Laboratory, were supported by he US 

Deparment of Eng, fice of Basic Energy Since, 

‘under contacts DEACO2-98C 10886 and DEACDD- 

74800098, respect, he ator thank 5, Caldwell, 

‘Clk, RCunbetnSfar,) Gli} Hu, A Hae, 

and A Ph fer Bir atitance wah hs ew, 


‘Supporting Ontine Materiat 
ver scencemagcrheiconenll3165823436/0C1 
ates and Methods 
Fg. St 
26 December 200 accepted 36 March 2007 

1126 clone 1139822 


Facile Splitting of Hydrogen and 
Ammonia by Nucleophilic Activation 


at a Single Carbon 


Center 


Guido D. Frey, Vincent Lavallo, Bruno Donnadieu, Wolfgang W. Schoeller,* Guy Bertrand” 


Jn possessing a lone pair of electrons and an accessible vacant orbital, singlet carbenes resemble 
transition metal centers and thus could potentially mimic their chemical behavior, Although singlet 
difamino}carbenes are inert toward diydrogen, itis shown that more nucleophilic and 
‘electrophilic (alkyD(amino)carbenes can activate H, under mild conditions, a reaction that has long 
been known for transition metals. However, in contrast to transition metals that act as electrophiles. 
toward dihydrogen, these carbenes primarily behave as nucleophiles, creating a hydride-tike 
hydrogen, which then attacks the positively polarized carbon center. This nucleophilic behavior 
allows these carbenes to activate NH as well. a difficult task for transition metals because of the 


formation of Lewis acid-base adducts. 


T= and ammonia (NH) has attracted 


considerable interest over the years, The 
‘observation of Hy splitting dates from the end of 
the 19th century, when Sabatier observed the 
formation of ethane in the addition of Hy 1 
cthylene over thin slivers of lightly heated re- 
‘duced nickel (7). Sines that time, most of the 
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chemical and biological systems that have boen 
found to split Hy involve a transition metal 
‘center. Even forthe so-called iron-sulfur chuster- 
free hydrogenase (Hd), it has recently been 
shown that an fron center was of functional in- 
portance (2. 3). The only nonmetallic systems 
Reported to cleave Hy under mikd experimental 
conditions (4-7) are phosphine-horane species 
(8. 9 and a stable digennyne (10), 


Jn comast to dihydrgen,snwmonin usually 
fonns simple Lewis acid-base adducts. with 
transition metal complexes, as observed frst by 
‘Werner in the fate 19th century, cause oF th 
presence of a lone pair of electrons at nitrogen 
UD), Consequently, examples of NHy spliting 
ane sill very rare (72-17) 

The activation of HEX and particularly Ht 
bonds requires that the pair of bonding electrons 
be perturbed in some way $0 as to form a 
chemically ative species. The digermyne has 
substantial diraieal character and therefore 
reacts through H atom abstraction fiom Ha, 
followed by recombination of the resultant 
radical pair 10). In contrast, the spliting of Hy 
at a transition metal center results fiom the 
Primary interaction of a yacant orbital at the 
seta and the -bonading orbital of Hy (/8-22) 
(Fig. 1). When concomitant back-donation from 
2 filled orbital to the ani-bonding o* osbital 
ofthe bound Hy s sufficiently strong, homolytic 
bond cleavage occurs. Otherwise, the acidie 
1-H gand undersees proton trans to another 
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metal-bound ligand. This latter type of process 
coflen refered to as heterolytic cleavage and is 

ako probably operative for phesphine-borane 

containing species (8, 9,23) 

‘A singlet carbene hus a vaca 
filled nonbonding orbital (2 
respect resembles transition metal centers. Ale 
though the spatial disposition of a carbene"s 
orbitals fs not as ideally suited for interaction 
with hydrogen as that of a metal, we reasoned 
that sulicent overlap might stil occur and thas 
‘enable activation of H (Fig. 1) 

Herein we report that stable, singlet, acy 
clic and eyetic (alkylMaminoycarbenes 1 (26) 
and 2 (27) urnlergo a formal oxidative addition 
‘of Ha, Calculations predict that the transition 
tate results trom the primary interietion of the 
cearbene's lone pair of electmns with an Hy 
antibonding orbital thus, the carbene acts as a 
hase toward Hy, erating a hydrideike hydrogen 
that attacks the positively polarized carbon 
enter, This hypothesis of a nucleophilic activae 


tion process is reinforced by observation of the 
reaction of Fand 2 with NHy. Because of the 
strong nucleophilic character of these carbenes, 


adducts can be formed and 
cleavage occurs sinoothly, 

Tt has already been shown that cyclic 
iuminojeabenes (NHC) 28, 29) do not react 
with Hs (0) nor with CO G7), whereas the 
Tater adds 10 both acyclic and eyelic (alkyl) 
amminoearbenes 1 and 2 (32) According 10 our 
calculations (33), the highest occupied mokeu- 
lar orbital (HOMO) and the singkeetriplet wap 
forthe moxie! monofamino}carbencs (1. 2, and! 
2) ae slightly higher and significantly smaller 
in enengy. respectively. than those of NHC 3° 
and acyclic ditaminoycarbene 4° (Table 1), 
‘Consequently, carbenes 1 and 2 are slightly 
more nucleophilic, but considerably more ekse- 
twophilic G24), than NICs 3 anx! ane therefore 
better candidates for transition metal-ike be- 
jor, This hypothesis was. bome out upon 
bubbling Hs through a solution of (alkyl) 
{aminoearbenes Hand 2 at 35°C, because clean 
reactions occured. and aller purification adducts 
5 and 6 were obtained in ~30% yield (35) 
as colorless crystals (Fig. 2A). All compounds 
Were fully characterized by standard spectro- 
scopic methods, including a single crystal xray 
diflaction study for 6a (Hig. SI) (36). We con- 
firmed that cyclic bistaminocarbene 3. (37) 
does not react with hydrogen under our exper- 
imental conditions and found that the aeyelic 
Version 4 (48) is similady inert. 

The calculated energy changes (AE) (Fig 
‘Table 1, and table $3) show that although 
reactions of all carbenes with Hare exothermic, 
the reactions are significantly more favored for 
mono(amino}carbenes (U", 2% and 2") than for 
ikaminojcarbenes (3° and 4"). More important- 
ly, the activation energy is at Kast 40 ki'mot 
lower in the ease of the mono(amino}earbenes, 
Which readily rationalizes our experimental 
results, 
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Fig. 1, Schematic representa 
tions of modes of activation of 
Hp at a transition metal center 
(top) and a hypothetical ex- 
{rapolation of a similar process 
ata carbene carbon (bottom); 
filled orbitals are in black, and 
‘vacant orbitals in gray. 


Table 1. Calculated energy of the HOMO (Eyoyo) and singlet-triplet energy gap [~(Es ~ &)] for the 


model carbenes shown in Fig. 4, as well as energy changes (AE) and activation energies (AE?) for 
their reactions with Hp and NH calculated at the B3LYP/6-321 g°* level of theory. 
cd 2 “ 

Evan (eV) 49 =52 =54 
~Es~ &) (kyo) 188.9 205.1 2140 
AE(H) (amo 180.0 1063 121.0 
AEG) Gjrm0) 108.3 350.0 M78 
AEUNHS) (mod -708 Ba 
AEN no 113 B75 


For the addition of Hl to model compound 
24, we further calculated the geometic para 
ters of potential intermediate structures along 
the reaction pathway (Fig. 2B). According 4 the 
lowest enengy simulated trajectory, the Hy 
nolecule approaches the carbene as depicted in 
Fig. 2B. In the transition state, the H-Ht bond 
distance (1.071 A) is comparable to these found 
for purely o-bonded 3 transition metal 
complexes (1.0 t0 1.2 A) (compare with the 
‘bond distance in My gas of 0.77 A) (20), The Hs 
imokwule becomes polarized, and the positively 
charged HG178) is already bonded to the 
carbon (1.206 A), whereas the preudohydridic 
110.195) remains father away ata distance of 
1924 A. The HU bond then elongates further 
(1.388 A), engendering greater hydride char- 
acter (-0.243) to one of the HL atoms, which 
nonetheless remains distant from the carbon 
center (1.807 A). Sterevehemical inversion at 
the carbon center then allows the formation of 
the scoond CAT bond. This net process is. a 
hybrid between a homolytic and_heterolytic 
cleavage. However, in contrast to the elctro- 
philic activation and proton transfer pathway 
favored by transition metal centers, carbene act 
by initia nuckeophitic activation, followed by 
hydride transfer. 

Because HEH and N-I bond dissociation 
energies are comparable, the main obstacle for 
the activation of NH by transition metals & the 
cloctrophilicity of the metal, which insiad fi- 


vors the formation of Wemertype amine 
complexes, Having observed the nucleophilic 
mode of activation of Hs. by--mono(amino) 


cearbenics 1 and 2, we considered it likely that 
these carbenes would also activate the Nel 
‘born of ammonia, although it is known that 


NIICS do not (39). Our calculations (Table 
1 ann! table $4) predicted comparable reaction 
bares to H activation and a Tess fiver, but 
sill exothermic, driving foree. Consistent with 
these computational results, both earbenes 1 and 
2 rapidly react with Tiuid NIL, even at 40°C, 
cleanly affording adducts 7 and 8, respectively 
(Fig, 3A). The compounds were isolated in 
910% yiekd, and compound Bb. was crystallo- 
‘eraphically characterized (Fig. 3B) 

The mode of approach of Nils 10 2 is 
calculated 10 be very similar to that observed 
‘with Hy, Inthe transition state, one of the N-IL 
bonds is very long (1,500 A) and sto 
lariza with the positively charged HY (4 
tightly bonded to the carbon (1.158 A) and the 
psc lo-amide fragment (1.042) remaining 
sistant from the carbon center (2314 A), Im 
portantly, the nitrogen lone pair is pointing away 
fiom the carbene vacant orbital, supporting the 
nucleophilic character of the activation process 
(Fig. 3B) 

The results reported here show that stable 
singlet carberies can mimic to some extent the 
‘bchavior of transition metas, Like the later, the 
lctronie properties of carbene centers can be 
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Diop 26-+PrsCHy 2.60: R= R= H:2b6b: R= Me R= bP 


Fig. 2. (A) Under mild conditions, (alky(Maminokarbenes 2 and 2 Ha, calculated at the B3LYPI6-321 g 
activate Hz, whereas (diamino)carbenes 3 and 4 are inert. (B) Some 
structures along the reaction pathway of the insertion of carbene 2" into 


Pel 
bi a Jecwar Wm 
W 

N40 

Oop 7A" WRT 
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Diep: 2.01Pr.My: 280: R= = He 8b: R= Me, = FP 
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Fig. 3. (A) (Alkyaminolcarbenes 2 and 2 split ammonia at subzero temperatures. (B) Bond 
distances (A) and charges (in parentheses) for the transition state of the reaction of NH with 
carbene 2 calculated at the B3LYP(6-311 g* level of theory. 


Fig. 4. Model carbenes used for the 
calculated values shown in Table 1, 


tuned by moxifying the nature of the substiu- 
nis, as shown by the differing reactivities of 
mono(amino}arbenes and diaminocarbenes 
With Hy and NH, Moremver, the nuckeophile 
activation of NII. under very mill conditions, 
coffers at altemative paradigm in the continuing 
search for catalytic systems capable of trans- 
forming ammonia efficiently into useful amino 
‘compounds 
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The Variable Rotation Period 
of the Inner Region of Saturn's 


442 


Plasma Disk 


D. A, Gummett,? A. M. Persoon,? W. S. Kurth,* J. B. Groene,? T. F. Averkamp,* 


'M. K, Dougherty,? D. J. Southwood? 


‘We show that the plasma and magnetic fields in th 


er region of Saturn's plasma disk rotate 


in synchronism with the time-variable modulation period of Saturn’s kilometric radio emission. 
This relation suggests that the radio modulation has its origins in the inner region of the plasma 
disk, most likely from a centrifugally driven convective instability and an associated plasma outflow 
that slowly slips in phase relative to Saturn's internal rotation. The slippage rate is determined 
by the electrodynamic coupling of the plasma disk to Saturn and by the drag force exerted by its 


interaction with the Enceladus neutral gas torus. 


cause Satum is a giant gascous planet, 
Bie ott eee 
accurately determined from visual obser- 
Vations, Although it has been long accep that 
the magnetic dipole axis of Satum is aligned 
Imost exactly With its rotational axis (7, 2), 
ous magnetospheric phenomena display ro 
tational modulation effects near its nominal 
rotation period (3-5), Of these, the most 
thoroughly studivd is Satum kilometre radiation 
(SKR), which isan intense radio emission 
discovered during the 1980-1981 Voyager flybys 
‘oF Saturn (3), The SKR modulation perio was 
otennined by Voyager to be 10 ours, 39 min, 
24 764, This value is now the intematonally 
accepted rotation period of Satu (7). More 
recently, radio measurements from the Ulysses 
nd Cassini spacceraft (N10) have shown that 
the SKR mexlulation period varies by as much as 
1% om time scales of years, Bcause of its lange 
inertia, the intemal rotation period cannot poss 
bly have changed by such a large amount How 
then is the SKR. period related to the rotation 
period of the interior of Satur? In this paper we 
show that the SKR. modulation is ict fined 
to the rotational modulation of plasma. and 
mantic fekls in the inner eon of Satur’ 
plasma disk, near the moon Enceladus, which 
‘orbits Satum at 3.95 Saturn radi ft) (1 Satu 
radius = 60,268 km). We propose that the 
rotational modulation is caused by a centrifagally 
driven two-cell convective instability in the plas 
‘ma disk that originates from its interaction with 
the neutral was tons produced by Enceladus 
This instability causes a rotating plasma outflow 
that imposes rotational contro on eter processes 
farther out in the magnetosphere, such as the 
‘goncration of SKR. 

Satum’s plasma disk, sometimes also called 
the plasma sheet or plasmasphere. is a dense eo 
rovating plasma with a north-south thickness of 
about 110 2 Ry that extends outward into the 
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magnctosphere from near the outer edge of the 
A ring (/1. 12). The co-rotation is caused by 
leciromagnetic frees imposed by cuments that 
‘low along the highly conducting magnetic fel 
Fines between the plasma disk and the upper 
atmosphere of Satu. Most of the plasma in the 
plasina disk is believed to originate from 
fonization ofa torus of neutral gas that is present 
near the orbit of Enceladus. This wus originates 
fiom geyser plumes of water on Enceladus 
that inject water vapor ana ice parses into orbit 
around Satum (13-15), Because of the rapid 
rotation ofthe plasma disk. the eentrifiagal force 
at these radial distances is substantially larger 
than Saturn's gravitational fore. lnerchange 
motions driven by the centifivgal force then act 
to transport the plasma outwant into the magne 
tesphere. Because the plasma particles are com 
strained by ekctromagnetic forces. 10 
approximately along magnetic field lines, the 
ccnitfiagal fowee also acts te concentate the 
plasma near the equatorial plane, thereby forming 
the disklike structure 

“The data used in this study are from the Radio 
and Plasma Wave Science (RPWS) and Mag- 


Fig. 1. The electron density 
ing obtained from Cassini 
RPWS upper hybrid res0- 
nance measurements (20) 
for 14 equatorial orbits from 
July 2008 to 1 July 2006. 
The dashed fine is 2 power- 
law fit tothe region beyond 
5 Rg and k= 5.5 x 10° on 
‘Rss is the constant in the 
power lave. Only equatorial 
‘orbits with a north-south dis- 
tance 2 from the equatorial 
plane less than O.1 Rs were 
used inthis study. There are 
large variations from the 
power-law fit in the region 
{rom 3 to 5 Rs, By following 
the colored fine for a given 


netometer (MAG) instruments on the Cassini 
spacecraft, which isin obit around Satum, In an 
cartier study (/6) using electron density. m 
surements from the RPWS, we noticed tht in the 
‘of Enceladus orbit, from about 3 10 $ Rs, 
the elecian density is ofien quite different on the 
inbound and outbound! portions of the same pass 
(Fig. 1) This variability was intially thought 10 
‘be attributable to the spaccerat position relative 19 
Enceladus, but further study showed that i¢ was 
rot so. Instead, using the time-variable SKR 
Jongitude system introduced by Kurth ef al (17, 
‘we found (Fig. 2) that the electron density in the 
inner region of the plasma disk has a nearly 
sinusoidal variation with SKR longitude and 
that this variation is in phase with a similar 
nearly sinusoidal variation in the azimuthal, 
By. component of the magnetic field in the 
plasma disk. This relation strongly suggests 
that the plasma density and magnetic field in 
the inner region of the plasma disk have a 
rotational control that is directly linked to the 
time-ariable period of the SKR modulation, 
By itself sinusoidal longitude variation docs 
not provide prot of rotational contiol, even 
though the longitude is measured relative 10 a 
rotating reference, To demonstrate rotational 
control it is essential that measurements be made 
‘over range focal times in order to conti tha 
the Fangs is the contolling variable. Fort 
nately, the exbit of Cassini provides good! focal: 
time coverage and longitude covers 
‘magnetic fick! and the cect iy (igs, St 
and $2),A simple txt can then be performed 10 
confi rotational contol, This test consists af 
measured quantities as a fiction of 
jue relative to some fixed destin, shh 
This test shows that the amplitude of 
the modulation decreases and the spread of the 
data points relative to the best fit increases 
signiticanly (compare Fig. 2, B and C, with fig 
SH. B and ©), thereby providing convincing 
evidence that both the magnetic fekd and the 


Orbits 3, 4, © 15, 16, 17, 18, 19, 20, 
21, 22, 23, 24, 25 


2150.1 Rg 


5 10 
R, Saturnian Radi (Rs) 


‘orbit, one can see that the electron densities for the inbound and outbound portions of the same pass 
are often quite different. This hysteresislike dependence on radial distance strongly suggests a 


longitudinal control. 
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plasma density in the inner region of the plasma 
disk rotate a rae that és synchronous with the 
fime-variable SKR modulation. For other factors 
that could affect this interpretation, such as aliasing 
‘due to dita gaps, ang for an analysis of the low 
long-term time variations in the nation rate, see 
the supporting online material (SOND. 

The occurence ofa large rotational modulation 
‘ofthe plas and magnetic elds dep inthe ier 
region of the magnetosphere that is phaseockeat 
to te time-variable SKR modulation is surpising 
Most of the rotational flcets that have previously 
ben reported occur much father out if the mans- 
netosphere. That the density modulation occurs 
near the orbit of Enceladus strongly sugyests that 
the rotational effects observed father out in the 
magnetosphere are driven by some rotational ro 
‘ces that involves an interaction with the Enceladus 
neuiral yas torus. This conchision is consistent 
with the view that the general dinstion of energy 
few shoul! be outward, away’ fm the source of 
the plasma and in the direction of the centfiagal 
foe. In fc. thisdireton forthe propagation of 
rotational disturbances as alwady been susie 
sand isthe basis forte “camshai” mode propel 
by Espinosa etal (2 this mode an unspeciiod 
rotating disturbance the "cana in the asa 
‘ofan engine, proluces plasma and magnetic fk 
disturbances that propagate outward ino the 
magnetosphere. Here we propane that the newly 


Fig. 2. (A) The normalized x 
SKR intensity asa function of 

the longitude of the Sun, 
2p using the time-variable 
SER longitude system intro 
duced by Kurth et ol. 7), 
‘The longitude of the Sur 


SKR intensity 
(Normalized) 


used in this plot because the 03- 
SKR modulation is known to 
be a purely temporal varia- 4 


tion (29), like a flashing 
light, not a rotating beacon, 
‘The characteristic nearly si 
husoidal modulation of the 
SSKR intensity is clearly ap- 
parent. (B) The average az 
mmuthal By component ofthe 
magnetic Field in the plasma 
disk (3 to 12 Ra) as a fnc- 
tion ofthe SKR longitude of 
the spacecraft sc. Ase is 
used because we anticipated 
that the magnetic Feld would 
have a rotational control, as 
has been assumed by other 
authors (4). As can be seen, 
the magnetic field displays 3 
very clear, nearly sinusoidal 
dependence on sc. () The 
electron density a5 a function 
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discovered rotational density. modulstion in the 
inner region of the plasma disk acts. asthe cam that 
drives other rotationally modulated effects farther 
‘out in the magnetosphere. The main questions that 
remain are how are these rotational effects 
‘produced in the inner region ofthe maznctosphere, 
and how does the rotation rat cate wo the inal 
rotation of Satur? 

Because there is presently no accepted mach 
anism for imposing a time-variable rotation rate 
fom a source intemal w Satur, we proceed by 
exploring the poesibility thatthe time variability 
arises entirely within the plas disk: Ii already 
Widely accepted (14, 19) thatthe rotation ofthe 
plana disk i dac to forces prox by field 
aligned curents that fink the pasa disk to Satu 
(Fig. 3A). A very natural explanation forthe time- 
vanable rotation rate & then that the plasma disk 
slips at a time-variable rate relative Wo the upper 
atmeyphere of Satur, whic s where the coupling 
to the planet takes place. The mechanism for 
driving this slippage couk! then be ionization and 
charge exchange inthe neutral gas torus, box of 
Which produce a drag force that opps the 
rotation ofthe plasma disk. This process i called 
mass Foaing (79), In tis mode, the slippage rate 
is determined by the rate ind (m, ass time) 
at hick mass is picked up by the plasma disk, and 
by the conductivity of the upper atmorpher, 
Which contol the fickbaligned cuments tht ink 


oom Average 
— Sine Wave Fit 
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‘of Ae, where again we anticipated a possible rotational control. The radial distance range in this case 
has been limited to the inner region of the plasma disk (3 to 5 Re), because this isthe region where the 
‘electron density variations are the largest (Fig. 1). A very clear, nearly sinusoidal modulation is evident, 
with an amplitude variation of nearly a factor of 2 and a phase at the peak (ige ~ 330°) that is almost 


the same as for the magnetic field, 
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the plana disk othe planet. Bocause the ection 
cof mass fiom Enceladus probably has long-term 
‘arsions that affect the density ofthe neutral pas 
tors this model provides a ead explanation for 
the somewhat regular log-tean variations in the 
SSKR modulation period (9). [is aleady known 
thatthe Enocladus neutral gas torus has variations 
«on time scales of months (2), so variations on 
snus longer time scales arc highly likely. Anoser 
possible Jong-enm effect that could cause changes 
fn the rotation ate of the plasma disk is the 
seasonal variation of the solar inclination 

which afleets the conductivity of the upper 
stznesphere and thereby the coupling tothe plant. 

To proceed fiber, we must nextexplain how 
the density modulation is proivcd in the inner 
region of the plasma disk. A possible model is 
‘motivatod by the two-cel convection mechanism 
suggested by Dessler ot a. (22), which was 
criginaly proposed to explain rotational effects 
in the magnetosphere of Jupiter and wa 
suuggested o apy to Saturn by Hille a 
‘our adaptation ofthis mode (Fig. 3B), the two 
call convection pater has its origin as 
cntitgally driven instability in the plasma disk 
(23) near the obit of Enceladus Such convective 
instability are well known i laboratory plasma 
machines. As the plasma flows. around the 
convextion eye tindiated by the closed sean 
lines in Fig, 3B), it picks up newly ionized 
plasma as it asses through the neutral yas onus 
(aloo the pa froma 0 bin Fig. 3B), thereby 
increasing the plasma density I is this density 
fincrease that accounts for the longitudinal density 
variations observed in the inner region of the 
plasma disk. The density increase also ensures 
that the centrifugal forwe, Fi = nme? R, where 1 is 
the plasma number density, mis the molecular 
mas, ci the rotation rate and is the rail 
sistance, at point FQ) is higher than a 

netically located point Fu). 10 is this 
Sifference in the centifugal forces that dives 
the conection. From the ionization rate given by 
Hansen ef a (24) for the neutral gas torus, 8.7 = 
10S env swe estimate tha it tikes about & 
work to produce the observed 80 cnt paket 
peak density variation as the plasma flows 
through the neu gas torus, 

‘Most previous mods of cntrifugaly driven 
convection suggest thatthe convective motions 
sould be dominated by high-order, m >> 1. 
awimuthal mods that evolve into fingesike 
‘wimuthal strctues (25, 26). However, these 
models donot consider the process by which the 
plasma is produced, Foran avimuthally symm 
‘ic plasma source, such asthe Enceladus neutral 
2 torus, we believe thatthe lowest-order 
1 (o-ce) mode should dominate, because this 
rnxde produces the Fongest path length through 
the source region, thereby giving the largest 
Sensity inerease and the largest growth ate for 
the insiability. Because there is a continuous 
production of plasma fiom the tons, ina steady 
state there must be a comtesponding outlow of 
plasma from the plasm disk into the outer re- 
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izions of the magnetosphere, The two-cell con- 
ection would then eause a concentration of the 
outflowing plasma on the dense side of the 
‘convection patter (Fig. 3B) that is. at an SKR 
longitude of Age ~ 330°. As the convection 
pattem rotates, this outflow would produce 
Perturbations that propagate far out into. the 
magnetosphere, thereby aeting as the eam that 
drives other rotationally moduksted magneto 
spheric effects, such as the SR. From the 
Voyager 1 and 2 radio observations (27), itis 
Known that SKR is generated at relatively low 
alituxes along magnetic fick lines that pass near 
the magnetopause on the late-noming side of the 
magnetosphere, As the perturbations fom Ase ~ 
30" propagate outward, the associated magnetic 
fold perturbations (fig. $3) develop a phase lag 
‘of about 149" 0 19S" by the time they each the 
y of the magnetopause at A ~ 20 Ry. This 
phase lag, which fis been previously studied by 
Espinosa et al. (4) and Cowley et al. 28). is 
almost exactly the right amount to explain the 
xoneration of SKR in the late moming at 3 fecal 
time of about ¥ to 11 hours and a subsolar SKR 
Fongitude OF sun ® 100°. Fora further discus 
sion of the geometry involved and for com 
ments on how the SKR might be yenerated as 


Fig. 3. (A), adapted from A 
Nill C8), shows the mecha~ 
nism by whieh the plasma 
‘disk is coupled to the upper 
atmosphere of Saturn via 
magnetic field-aligned cur= 
Tents, },. The field-aligned 
‘currents transfer angular 
‘momentum from the planet 
10 the plasma disk via the 
1,» B force exerted, where 
1, is the component of 
‘current flowing perpendicu- 
lar to the magnetic field B. 
‘This force opposes the drag 
force exerted on the disk as 
mass produced by ionization 
‘and charge exchange trom 
the Enceladus gas torus # 
picked up by the rapidly 
Totating magnetic fel. This 
‘drag force causes the plas- 
mma disk, which rotates at an 
angular rate to slip slowty 
‘with respect to the rotation 
rate £2 of the upper atmo- 
sphere of Satur. (B) The 
rotating two-el plasma con- 


 secesneszn 3 
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the outward-propagating disturhance fiom the 
‘cam interacts withthe moming side of the mag- 
‘netopause, see the SOM, 

A potentially important feature ofthe convee= 
tion pattem that nceds to be explained isthe clase 
relation between the phase of the azimuthal 
magnetic fied and the phase of plasma density 
modulation (Fig. 2. Band C). This relation is most 
likely elated to the azimuaal torque required 10 
‘oppose the change in the angular momentum of 
the plasma disk caused by the mass loading. 
Because both ionization and change exchange are 
proportional wo the plasma density, they both 
‘ovntributeto the mass heading. The curent system 
that preduces this torguc and the resulting 
contribution to the By magnetic field are then 
expecta to be largest in the region of highest 
plasma density, which would explain why these 
{wo quantities are in phase. However, the relation 
‘betwoon the magnetic fick and the plasma dansity 
Variations may be mone subwhe. If the cument 
syystoms linking the plasma shoet to the norhem 
aan! seuthem hemispheres are iktical, then there 
Woukl be no My magnetic fick! component at the 
equa. The exutonal B, component woul then 
have wo be due to an asymmetry between nowthem 
and soto hemispheres. The asymunntry cou 


vection pattern that we propose to explain the longitudinal modulation of the plasma density and 
magnetic field in the inner region of the plasma disk. in this model, the two-cell convection pattem, 
shown as viewed from the north pole of Satur, is driven by a centrifugal instability that arises from 
ionization of the neutral gas torus, As the plasma flows through the neutral gas torus from a to b, the 


density increases because of this ionization, causing the centrifugal force F, 


ramus?R at F(2) to be 


‘greater than at the symmetrical point Fe(1) on the opposite side of the convection pattern. It is this 


difference in the centrifugal forces that drives the convection. 


radial outfiow of plasma in the “heavy” 


sector ofthe convection pattern then acts as the cam (4) that drives the rotational modulation of various 
phenomena in the outer magnetosphere, such as the SKR. The slippage rate, and therefore the SKR 
‘modulation period, are determined by the mass loading rate dat from the neutral gas torus and by the 
‘coupling to the upper atmosphere, both of which ae likely to have Long-term variations. 
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be produced by the fact that the net dayside 
conductivity ofthe southern hemisphere of Satu 
1S cumently higher than in the nonher hemi- 
sphere, not only because high southerly latitudes 
‘are curently in sight but abo because the rings 
av paially shadowing the northem hemisphere 
This north-south difference in the illumination 
greatly increases the conductivity of the upper 
_tumosphere inthe southem hemisphere relative to 
that in the nonhem hemisphere, The immediate 
consequence ofthis difference is that interchange 
motion would be reistal more by the southem 
Jonosphere (23), Inthe high-density sector where 
flux tubes would move out, the northem jono- 
sphere has to transmit a pokeward motion to the 
seuathem ionosphere and vice vers inthe inward 
moving sector, Ths asymmetry would requie a 
significant transverse magnetic fick component at 
the equator, A quarercycle lag is expected 
between outwand motion and the peak bending 
inward of the fick! (at i, a peak negative valve 
‘of the radial field perturbation, AB), Recall 
phase relation originally id 
eral, (A) (hat AB, leads By), 
observed phase relation between By and ie (es 
electron density) is consistent 
Because our mex! is Inbex on a centrfiglly 
«riven instability in the plasma disk that acts as 
camshafl, it does not necessarily require a 
rating magnetic anomaly a any ether rotating, 
source inlemal to Satum, Therefore, the intemal 
rotation perio! of Satum cannot be determined 
fiom the period ofthe SKR modulation, The only 
conclusion that can be drawn is thatthe intemal 
rotation period must be less than the shortest 
SKR modulation period ever observed, which 
correnily i slightly les than the period observed 
bby Voyaer (9), If'some infernal source with 
comet time-variable rotation ate Were 10 be 


eventually identified, it is clear that any: new 
explanation woukl need to account for the 1 
‘ating plasma density and magnetic fields re- 


ported in this pape, as well as their linkage 0 the 
time-vaniable SER modulation nite 
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Strong Association 


of De Novo Copy 


Number Mutations with Autism 
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‘We tested the hypothesis that de novo copy number variation (CNV) is associated with autism 
spectrum disorders (ASD), We performed comparative genomic hybridization (CGH) on the 
‘genomic DNA of patients and unaffected subjects to detect copy number variants not present in 
their respective parents. Candidate genomic regions were validated by higher-resolution CGH, 
paternity testing, cytogenetics, fluorescence in situ hybridization, and microsatellite genotyping. 
Confirmed de novo CNVs were significantly associated with autism (P = 0.0005). Such CNVs were 
‘dentiied in 12 out of 118 (10%) of patients with sporadic autism, in 2 out of 77 (3%) of patients 
with an affected first-degree relative, and in 2 out of 196 (1%) of controls. Most de novo CNV 
were smaller than microscopic resolution, Affected genomic regions were highly heterogeneous 
and included mutations of single genes. These findings establish de novo germline mutation as a 
more significant risk factor for ASD than previously recognized. 


av spectrum disonders (ASDs) [Men- 
A Simin 0 300 

characterized by language impair 
ments, social deficits, repetitive behaviors, 
‘The onset of sympoms occurs by the age of 3 ane 
usually requins extensive support for the lifetime 
‘of the afflicted. The prevalence of ASD is e 
timated to be 1 in 166 (2), making it a major 
burnin to soxiety, 

Genetics plays a major role inthe etiology of 
‘autism, The concordance rales in monezygotic 
twins ane 70% for autism and 9% for ASD, 
whereas the concordance rates in dizygotic twins 
are SY andl 10%, resp Previous stuxfics 
suggest autism displays a high deutee of genetic 
heterogeneity, Efforts to map disease genes using 
Tinkage analysis have found evidence for autism 
foci on 20 different chromosomes. Regions 
nplicated by multiple studies include Ip, Sq, 
74, 154, 16p, 174, 19p, and Xq (2). Moreover, 
microscopy studies have identified eytogenetic 
abnormalities in >S% of affected children, 
involving many different loci on all chrome- 
somes (3). In some rare syndromic forms of 
‘autism, such as Rett syndrome (4) and tuberous 
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sclerosis (5), mutations in a single gene have 
deen iontifed. Otherwise, neither finkage nor 
{eylogenctics has unambiguously identifial spe~ 
cific yenes involved, 

Genetic heterogencity poses a considerable 
challenge 1 traditional approaches. for gene 
mapping (6). Some of these limitations are 
‘overcome by methods that rely oa the diet 
detection of functional variants, which inmost 
eases are de novo events. New amay-based 
technologies can detect differences in DNA copy 
number at much higher resolution than cyto- 
‘genetic methods (7) and, hence, might reveal 
‘spontangous mutations that were previously 
Uunidentificd. These techniques have shown an 
abundance of copy number variants (CNV) in 
‘humans (§, 9), and the same mcthods have been 
usa to find de nove chromosome aberrations 
‘below the resolution of microscopy in children 
with mental retardation and dysmorphie features 
(0-14), including patients with syndromic 
forms of autism (/5). Yet, the association of 
spontaneous CNVs in idiopathic autism has not 
‘been systematically investigated. Thus, a lang 
scale study of genome copy number variation in 
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ASD was needed, We have performed high- 
resolution genomic micwmarray analysis on a 
ssumple of 264 families to determine the rite of 
<denovo copy number mutation in unaffected and 
affected children, 

Our study focused on a sample of 264 fine 
fics, including 11% “simplex” Families contain 
ing a single child with autism, 47 “multiplex” 
families with mubiple affected siblings, and 99 
control familiss with no diagnoses of autism, 
The majority of patients came from the At 


Genetic Resource Exchange (AGRE) and from 
the National Institute of Mental Health (NIMH) 
Comer for Collaborative Genetic Studio of 
ils Wer 


Mental Disonders. Adklitional fi 
tained through the 
and DS), Efforts were made a 
keting sites w exclude cases of xyndroy 
autism (Le. those with severe mental retanlae 
tion or other congenital anomalies) and 10 
‘exclude known eytogenctic abnormalities. 
entitis ofall subjects and their parents were 
ccoded so that analysis could be done blind 40 
affected status while maintaining knowledge of 
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the parent-child relations, We performed whole- 
genome scans on all parents, patients, and 
unaffected children, Aftected or unaffected sib- 
lings of many patients were included in the 
study as independent eases or controls. respec- 
tively; thus, the entire sample yielded a com 
plete parent-child “trio” for each of 19S patints 
and 196 healthy individuals. (See supplemen- 
tary methods and table SI for more extensive 
details on the patient sample.) 

analyzed DNA samples, prepared trom 
either whole blood or Epstein-Barr virus (EBV) 
immortalized B cells or bot, collected from 
subjects and their biological parents, Genome 
seans were performed by ROMA, a form of 
comparative genomic hybridization described 
previously (8, 16). We performed two-color 
assays. by cohybridizing each sample 1 an 
‘oligonucleotide array, ancl we used & standard 

fe genome, SKNI, for comparison. 
Assays were performed in duplicate with dye- 
swap, The aay consised of 85,000 probes, 
providing a mcan resolution of ane probe every 
35 kb, Log intensity ratios fom duplicate scans 
were averaged, and nonnalized ratio data were 
seymented by a Hidden Markov Mod! 10 define 
EN’ relative to reference (8) (with minor 
Inodifcatons) 

Detecting copy number variation from artay 
data isn error-prone process, and s0 procedines 
were followed to ensure that events We detected 
in subjects. were in fact de novo; not fise- 
Positive in the subject, and not false-negative i 
either biological parent. A flow chart of our 
procedure for finding and testing de 
imuatations is depicted in Fig. 1. CNV regions 
detected in subjects were considered only ithey 
involved at least three consecutive probes and 

an overall Hikelihood measure 49 (N), 
Then, CNVs were disregarded ifthey were 6M 
similar in probe content to a variant detected in 
the set ofall parents. where similarity between 
Iwo CNVs is defined as (the numberof commen 
probes)(the total number of probes in either 
ENV), This stop was dome in onder to simulta 
neously fier out any CNVS present in the 
biological parents and to eliminate common 
polymomhic loci that would incomeetly appear 
tobede nova, The later can occur, for example, 
when the parents and the reference are all 
heterozygous for a deletion and 0 oF 2 copies 
are transmitted to the child. These two proce- 
dures greatly reduce the total number of can- 
didates requiring validation. 
hen further examined each candidate 
variant by a more careful assessment of the 
parents for the presence of the CNV, using a 
relayed set of ertria for its presence (see Keven 
to Fig, 2), to nile out false-neyatives. If at that 
point the variant inthe subject still appeared Wo be 
dde nove, that is, present in the child but notin 
her parent, we tested parentage using multinke 
Vormative genetic markers, We then conducted 
additional validation of the suspect de novo 
lesion in parents and subjects. including Dpn 


H-ROMA using 300K arays, CGH using 
Agilent 244K arrays, cytogenetics, and micro- 
satelite genotyping. When de novo mutations 
were detected in DNA derived from an EBV: 
immortalized cell linc. we sought to repeat 
‘analysis on DNA derived fio an independent 
‘blood sample and found confirmation an 11 out of 
12 available cases. 

‘One example ofthe detection and confinmation 
of a de novo CNV is illusrated in Fig 2 We 
detected 1-1-Mb deletion of 20p13 ina child with 
the diagnosis of Asperger syndrome. This delstion 
involves ~27 genes, inching the oxytocin gene 
OXT. 3 panticularly noteworthy candidate in fight 
‘of sti in humaats and rodents that find evince 
for the mole of oxytocin in regulating social 
cognition (17, 18), All validated de novo saibject 
‘variants are fistad in Table 1 with a description of | 
‘each type of mutation, is methods of validation, 
‘genomic location, gene content, and information 


‘Obtain DNAS from patients, 


‘Further validation and characterization by FISH, 
cytogenetics. and microsatelite genotyping 
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nthe subject's allected sts and family type 
(Gimplex, multiplex, cr contol), Adkitional details 
regarding these and other variants detected in this 
study are provided in table S2. Initially, we 
detected 19) de novo CNV in 17 individuals, In 
‘ne family, subsequent analysis of the parental 
homesomes by fluorescence in sit hybvidization 
(FISH) determined that the two de nove events 
detected (a duplication and dektion) were the 
roult of an unbalanced tanslocation inherited 
ffom an unaffected fither who caries the balanced 
‘eciprocal translocation, In conclusion, 17 CNVs 
‘were confined to be de novo in 16 individuals 
(able 1), consisting of 14 patients and 2 contol 
‘The majority of these mutations are novel, and 
ily the angst of them (all CNVs 4 Mb in size) 
have been reported previously in the literature 
us. 

These data show that spontancous copy 
number changes are more frequent in patients 


Fig. 1. Procedure for the 
detection of de novo CNV, 
The flow diagram describes 
the step-by-step procedure 
{or identilying regions of al- 
tered copy number that are 
‘present ina child and notin 
the biological parents. 
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With ASD (14 out of 195) than in unattected 
individuals (2 out of 196), with an association 
that is statistically significant (P= 0.0005). The 
ffequency of spontaneous mutation was 10% (12 
‘out of 118) in our sample of sporadic eases and 
3% (2 out of 77) in our sample of cases from 
rnuiplex families (Table 2), The frequency of 
spontancous mutation in unaffected indicus 
was I% (2 out of 196). Most mutations in 
persons with autism were dektions (12 out of 
15} however, the two mutations detected in 
controls were both duplications 

The strong association of de novo CNV with 
ASD is consistent with such mutations being a 
Primary cause in most eases rather than merely 
contributory A futher Hine of evidence to support 
this elaim is the higher proportion of females 
among eases with de novo mutations, where the 


renders of patients consised of 9 males and S 
females (1.8:1) compared with 163 males and 32 
females (S:1) in our overall sample. This reduced 
‘gender ratio suggests that de novo CNV that are 
detectable by our method have increased pene- 
tance and, thus, contribuie w disease more 
‘equally in fernales and males 

lower rate of de nove mutation in muliplex 
families is also consistent with a causal role for 
the mutations reported in this study. An 
alternative hypostesis is that de nove CNV are 
associated with autism indirectly, the conse- 
quence of a “fragile-zenowe disorder” in which 
‘many lesions in addition to the ones we detected 
‘occur duc 1 an unknown environmental or 
hentable factor, We regant this alternative as 
unlikely: fist, because we would expect evidence 
for such a disorder to be present equally in 
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multiplex or simplex families, Another observa- 
tion that is inconsistent with this aemative 
hypothesis is that we donot see patients: with 
copy umber mutations litre throughout the 
geome. Instead, de nove CNVS typically 
invohe a single mutational event. 

Twoof the patients mentioned in Table I have 
a formal diagnosis of Asperger syndrome, which 
‘suggests that spontancous chromosomal inbal- 


ances are common across the whole spectrum of 


the disorder. We examined whether there were 
many cases of mental retardation [defined as 
hhavinga nonvestul intelligence quotient (IQ) less 
than 70] among patients in whom we detected de 
‘novo mutations. Clinical data on 60 patients were 
folvainod, and these data included five of the 
patients in Table 1, The average nonverbal 1Q of 
five cases was X35 and the minimum was 70. 


A 


Fig. 2. Detection and validation of a spontaneous deletion in 2 patient with 
‘Asperger syndrome. CNVs were detected in patient scans using the standard 
HMM. Parents were ascertained and determined to have no change in copy 
umber using an algorithm with relaxed criteria. These second detection crteris 
‘included (1) detection by an HMM with reduced stringency (false-positive 
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cexpecation set at 1%), and median probe ratio <0:91 or 21.1. Probe ratio data 
_are shown for the patient SK-135 (bive) and the mother (red) and father (green) 
for 85K ROWA (A) and 244K Agilent CGH (B) platforms. The map of annotated 
known genes was obtained from the UCSC Genome Browser, May 2004 assembly 
(GO). The genomic region estimated to be deleted és shown in (C) outlined in red 
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Table 2. Spontaneous CNVs detected by ROMA. A description of 17 de novo 
CNVsin 16 subjectsis provided, along with the methods used forts validation. 


The number of unique RefSeq genes within each CNV 


‘when the locus apparently encompasses only a single gene, the gene symbolis 


region is indicated, and 


listed. Types of validation included (A) higher-tesolution microarray scans by 
390K ROMA or Agilent 244K CGH, (B) G-banded karyotype, (C) FISH, and (D) 
‘microsatellite genotyping. References are listed forfour cases where simi 

novo CNVs were previously reported inthe literature. 


de 


Individuat tocus Start Length CH Family pjagnosis Gender Validation # Genes Sinale-gene pet, 
position change _ type targets 
§31482575 and 29242 162212,720 99,252 loss Simplex Autism Female A 7 sicaa1o 
2667 
61-2710-3 2q37.2-437.3 236,414,455 6,286,648 Loss Simplex Autism Male A, B,D 50 a9 
\Van69-258900 2937.3 238,217,066 4,484,037 Loss Simplex Autism = Male = AD 4B a) 
89-3507-1 60,746,033 101,507 Loss Simplex Autism Male A 1 HIT 
63562-6612 61,072,100 293,096 Gain Simplex Autism Male. =A 1 rar 
/AU010604 13,997,280 1,264,651 Loss Multiplex Autism ‘Male AD 2 
119941 193,737 toss AD OB 
‘AU072203 5 15,160,118 151,880 Loss Simplex Autism Male A 1 #16237 
‘AU032903 10q11.23-q21.2 50,562,149 10,916,362 Gain Multiplex Autism Male AB 3 
60-3061-4 ‘15q11-q13.33 ‘18,526,971 12,229,800 Gain Simplex Autism ‘Male AB 30 @1) 
/AU077504 16p13.3 5,992,836 207,980 Loss Simplex Autism = Female A, B,C, D a ‘A2BPL 
62061 A6pt12 29578715 502,574 Loss Simplex Asperger's Female AGO 27 
712591002013 75912 291.959 toss Simplex Autism Female ACD 7 
SK135-C 20913 2,785,194 1,169,205 Loss Simplex Aspergers. Male = AD 23 
89-3524-100 22q13.31-q13.33 45,144,027 4,321,856 Loss. Simplex. Autism = Female A, B,C, D 30 0) 
NAL0857 58394177 2,786,284 Gain Control Unaffected Male =A 7 
/Av070807 111,824 116,286 Gain Simplex Unaffected Female A 69 


Table 2, Increased frequency of de novo CNVs in autism, The numbers of de novo events are listed for 
‘our autism sample and for each category of family separately (simplex, multiplex, and nonautism 
contro. The difference between cases and controls was examined, and the statistical significance was 


determined using Pearson's chi-square test with simol 


lated P value from 2000 replicates. The P value for 


the difference in frequency between cases from simplex and multiplex families was also determined. 


Ns P value 
Sample group 0 demo (Ratio a paererarn 
‘Simplex autism 1B Fy 0102 0.0005 0.083, 
‘Multiplex autism 7 2 0026 059 

Simplex + multiples 195 u 0072 0.0035 

Controls 196 z 0.010 

Alhough this average was lower than the —isoneofthe genes within the4.3-MB deletion on 


average forall patents (100), these dat indicate 
‘hat the de nove mutations iden 
were not anid merlin pa 
retardation 
‘Because the difference i mate between autism 
nd controf is so marked, we can make a fi 
presumption that many of the Kesions we 
‘observed contribute 10 the disorder. However, 
the observation of a de novo mutation in a single 
family is not sufficient evidence to prove that a 
mutation is causal, nor does it provide: un 
equivocal evidence for the involvement of a 
specific wens in autism. When an individual wen 
‘candidate can be identified, because the mutation 
affects @ single gene or a sinall number of 
functional candidates, a straightforward path 10 
Validation can be planed, involving sequencing 
and higher-esolution CNV analysis in addtional 
samples. The prineipe is illustrated in the recent 
study by Durand eral. where an intensive sur 
‘of variation. ina candidate gene. SHANKS, 
revealed multiple addtional variants, including 
de nove ad inherited mutations (22) SHANKS 
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chrornosome 22413 that we reported io Tabke 1, 
and this region is also a ste of rocument deletions 
jn autism (20), Thus. an agzregale of deletions 
and coding variants that occurs in patients and 
not in controls can provide further evidence of a 
gene's role in disease once that candidate zene ts 
identified by copy number mutation, 

Some of the genes contained within the de 
nove CNV we identified are good candidates for 
futher study. A fist of all RefSeq genes that 
‘overlap with the de nove mutations Kentified in 
this study is shown in table $3. Five of the de 
nove events we detected involved only a single 
‘gone and are worthy of mention. A spontancous 
deletion was identified involving exons 2-8 ofthe 
putative sterol desaturase FLII6237. Lite is 
‘known about the fimetion of FZ//4237, but its 
‘expression hts heen detected by in sta hybwiiza- 
tion in the superior temporal gyrus of fetal brain 
(DILG). In a pair of monozygotic twins 
‘concordant for autism, we detected a spontaneous 
deletion of exon 1 of the putative sodium 
bicarbonate cotransporter SLCHI0, Mutations 
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+ SECA, ae associate with 
rena tubular acidosis and mental retardation (23), 
Other single-geric mutations. were detected al 
fexting ataxin 2 binding protein | (A2BP1/FOX-1) 
an the fail hisidne tad weno (FHT) (Table 1). 
A2QBPI is known to interact with the SCA2, the 
gene for spinocerebellar ataxia type 2, andl 
A2BP! yations have been identified in metal 
retardation and epilepsy (24). We observed two 
inxkependent spontaneous mutations of FHT. & 
focus that is one of the most fale sites in the 
human genome (25), but one of these was 10 
detected in an extract of the original blood! rom 
‘which the cell fine was derived 

All five ssingle-gone mutations we dotect 
involve unusually lange genes. the smallest of 
which (SLCUA/0) spans 389 kl of the enone. 
Al fur target genes rank among the top» 3% of 
Jnuman genes by length. This is consistent with 
Previous observations that large genes are 
fixquenily located within unstable regions of the 
(26), Our simulations. made by randomly 
ine the location of our CNV regions, 
Indicate that this result may simply reflect that 
lange eones, by virtue oftheir size alone, are more 
likely to be affected by random rearangements, 
Whatever the explanation, lage genes do play 
‘prominent ois in spontancous senctic disorders 
‘nhumans, such as Duchenne muscular dystrophy 
(274 retinoblasioma (28), and neurofbromatosis 
(29%. and the same could be tnue for atin 

These studies do not address the mechanisms 
bby which strctural mutations of genes contribute 
to autism, Changes in dosage oF structure of 
genes within a lesion could have quantitative 
effects on gene function, including haploinsull- 
ciency or altered transcription patterns, Altema- 
tively, hemizygous deletion could result in total 
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Joss of function if tis compounded by recessive 
‘mutation or monoallelic exclusion ofthe remain= 
ing allele, A genomic rearrangement may also 
disrupt regulatory elements that influence the 
expression of neighboring genes: thus, in some 
‘eases, gene rete! to autism may fe adjacent 0 
the deletion or duplication. 

ur findings have implications for an under- 
standing of the genetic basis for ASDs. An 
important feature ofthe de novo CNV we report 
is that cach is individually rae in the population 
‘of patios. None of the genomic variants we 
detected were observed! mone than twice in our 
sample, and most were seen but once. Although 
‘our sample size by sana, these results sguest that 
lesions at many different loet ean contribute 10 
‘ution, a result consistent with the findings from 
‘eytogenetics, as well as consistent with the filure 
to find common heritable variants with & major 
effect on disease risk. Lack of recumence may in 
fact reflet an underlying reality that autistic 
bchavior ean result from many different genetic 
defects. This would be consistent with the hy= 
pothesis thatthe common features of autism such 
as failure to develop social skills and repetitive 
and obsessive behavior may in fact be the eon- 
sequence of a reaction 10 many different eogni- 
tive impairments, drawing their "commonality 
fiom a nonmal but maladaptive programmed 
response of humans carly in development 40 
those diverse impimet 

We donot know the full contribution of 
sspontancous mutation to autism. Population 
studies divide autism into sporadic and familial 
‘or"“tmultipke.” Our work prov ides clear evidence 
that these two classes are indea! yeneticaly 
distinct. The mle of de nove mutation in mul 
tiplex families was significantly lower than for 
sporadic cases (Table 2, P = 0.04), as would be 
expected if there were two different genetic 
mechanisms conttibuting to risk: spontancous 
mutation and inheritance, with the latter being 
‘more frequent in families that have: multiple 
affected children, 

‘The rife of spontaneous mutation that we 
ect in autism is an underestimate. Adding the 
known rate of eytogenetcally visible abnormal 
ites, the total frequency of de nove variation 
detectable in sporadic cases is 15% a our 
‘current resolution. Because ofthe limita resohi- 
tion of genome microarray scans, we expect that 
Wwe fil 10 detect the vast majority of CNVs. 
Much smaller deletions oF even point mutations 
‘can produce the same consequences as the Lire, 
tore easily detectable events. As technology for 
discovering spontancous yennline mutation in 
chikiren improves, the proportion of autism cases 
With detectable events is bound 10 tse 

‘We ean incorporate a high rate of spontancous 
‘mutation in a enstic model that accounts for both 
sporadic and familial forms of the disease, hasest 
‘on new mutations that cause autism by haploin- 
sulfcieney but have incomplete penetrance, 
especially in females. Such individuals. who 
‘scape the phenotypic consequences ca then pass 
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‘on the mutation in an apparently dominant fashion 
1o their children. This model makes very clear 
[pradictions that can be tested in the short tem. 

Our findings highlight how methods for 
directly detecting CNVs genomewide provide 
‘powerful altemative to traditional genc-mapping 
approaches for discovering penctic risk factors i 
autism and in other disorders of complex ctiolo- 

Improved technologies for mutation dete: 
Hon, such as high-throughput DNA sequencing 
and tling-resolution oligonucleotide arrays, 
[promise to improve our power to identify new 
‘mutations associated with disease 
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Raman-Assisted Crystallography 
Reveals End-On Peroxide Intermediates 
in a Nonheme Iron Enzyme 


Gergely Katona,* Phitippe Carpentier,* Vincent Niviére.? Patricia Amara,* Virgile Adam? 
Jérémy Ohana,? Nikolay Tsanov,” Dominique Bourgeois*** 


Iron: peroxide intermediates are central in the reaction cycle of many iron-containing biomolecules. 
We trapped ironili)<hydro)peroxo species in crystals of superoxide reductase (SOR), a nonheme 
‘mononuclear iron enzyme that scavenges superoxide radicals. Xray diffraction data at 1.95 angstrom 
resolution and Raman spectra recorded in cystallo revealed iron-hydro)peroxo intermediates with 
the (hydralperoxo group bound end-on. The dynamic SOR active site promotes the formation of 
{transient hydrogen bond networks, which presumably assist the cleavage of the iron-orygen bond in 
‘order to release the reaction product, hydrogen peroxide. 


¢ interaction of dioxygen with iron- 

I ‘containing proteins is important in many 
biological processes. including transport, 
metabolism, respiration, and cell protection. The 
reaction of oxygen oF its reduced derivatives, 
Superoxide and hydrogen peroxide, with iron en- 
zymes often involves short-lived iron-peroxide 
intermeiates along the reaction cycle (1, 2), 


Heme-hased peroxidases, catalases, and many 
‘xygenases promote heterotic cleavage of the 
peride oxygen-oxygen bond to form high 

valence reactive imn-axo species. In contrast, 
‘ther iron enzymes, such as superoxide reductase 
(SOR) (3, 4), are fine-tuned to cleave the iron- 
oxygen bond and avoid the fomustion of po- 
{entially harmful iron-oxo species. Although the 
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protein, the metal configuration, and the sol- 
vent environment have been shown to play a 
role, the mechanisms by which iron-peroxk 
nermediates are processed are not folly under 
stood (7; 2), Despite pioneering studies on heme 
proc (5-7), structural data revealing peroxide 
species in nonheme mononuclear iron enzymes 
have remained scarce (8). We have developed 
an approach in which kinetic erystallography 


Ahydeojperoxo species. As deseribed for similar 
‘enzymes (2, 2/), protonation steps play a crucial 
rok: in governing the chemistry that occurs tthe 
SOR active site (17, 16, 17). ln SOR from the 
sulfate-reducing bacterium Desulfoarcidus haarsit 
(4, 12), 3 frst roo(Ill}-peroxo intermediate has 
‘been proposed to be rapidly protonated (in ~100 
is) foming a more stable ion(l-hydraperoxo 
species (171. A sceond protonation then occurs, 


the oxidized enzyme (/3, 17), Thus, SOR avoids 
beterolytic cleavage of the O-O bond, preventing. 
the formation of oxo-ferryl compounds. To d 
the structure of the iron-perowide species that ean 
beaccommodated within the SOR active site and 
the mechanism goveming the decisive second 
protonation step have remained elusive (1/), The 
siuctural data described below reveal a scries of 
cend-on inon( {Il} hydro)peroxo species involved. 


(9) was assisted by “in erystallo” Raman spe 
troscopy (/) to characterize (hiydro)petox0 spe 
cies in SOR. SOR is found in some airsensitive 
bacteria and archaea and converts the toxic super 
‘oxide anion radical (O3" ) into hydeogen: pese- 
ide (1202) via a one-electron reduetion pathway 


possibly promoted by a water molecule (22), and 
yiekls the Hs; product through a dissociative 
mechanism in which Glu‘? ultimately binds 19 


in tight hydrogen bond networks (Fig. 1) and 
allow us 10 propose a mechanism for protons 
aasistod release of HO in SOR 


Table 1. Geometry of the active site. Fe distance from the His plane was defined by the 
coordinating N atoms of the equatorial histidines in A, Increasing value indicates an iron position 


Oy” 211" © SOR(Fe**) + HhO> + SOR(Fe™) 

(3,4, 1D. The SOR catalytic domain displays an emis 

immunoglobulindike fold (/2, /3)encompassing ELAASOR 

4 iron atom coordinats 0 four equatorial hist- wrsor — *1244SOR nly aE 
bs ud aoe ail eye tw ealog Lassa intermediates — 
tural resemblance to the ubiquitous eytochomes 

4508 However, contrary 4 P50, the RMS gg % canes - 

enzyme is stable under atmospheric conditions, “ - 

‘witha vacant, solvent-exposa, sixth coordination Fe from His plane (A) oA 0A aa 

‘site where O°” is thought 1 bind (4), Inves- w PRRs: 

tigations of various SOR adducts (/2, 14, 15), FES n “ aA Lied me 
pube-radiolysis statics (76-18), and resonance Fe-O2 (A) 20 219 
Raman spectroscopy experiments (19, 20) have Fe-O102 () 126 2s 
suggested an inner-sphere catalytic mechanism: 5-01-02 () w 10 168 
involving the formation of transient irondttt} Fe fom Mis plane (A) oa bee 03 oa0 
Light oe Dobe Hovaeels Waa Inerion io, F500 24 25 25 244 
institut de Bolagle Stctvate 0S) Jean-Pere be, 

Commisarats Energie Nomigue (EA), Cente National Fe-O1 (A) 20 194 
de la Recherche Scientifique (CNRS), Université jowph Fe-O1-02 (*) 126 123 
Fourier, 41 1e jules oro F-38027 Grerale, France. C4 5-02-02 (*) 132 ia 
Laboratoire de Chimie et Biologie des Métaus, Institut de 

tee atone eerie eee Fe from His plane (A) os 04 03 0.16 
‘CEA. CNS, Unies Foes, UR 5249, 17 re des ‘Monomer D 

Moris, 38054 ‘Grenoble Cedex 9, France. "Ewopean  Fe-S (A) 24 25 26 249 
Syiron Radon Fact (ESRF. 6 Jules Horo, Fe-01 (A) 20 222 
WF 1, lee tee Feb 12 123 
“To whom correspondence essed. Emalt 5.01.02 (*) 12 9 
SS Fe from His plane (A) o4 03 00 oan 


Fig. 1, Structural overview of SOR. 
‘The way structure of the SOR-ELLGA 
homodimer in the native reduced state 
is shown as magenta (monomer A) 
and cyan (monomer B) ribbons with 
the exception of the LID loop (residues 
45 to 49), which is colored in dark 
‘green and orange for monomers A 
and B, respectively. Reduced and ox- 
dized ion atoms are shown as green 
and orange balls, respectively inset) 
‘The active site of monamer B upon 
addition of HO The residues coord 
nating the active iron (His™?, His*?, 
His? His™®, and Cys! as well as 
lyst” are represented as sticks. The 
bound peroxide ligand fs shown as 3 
red stick. Water molecules are shown 
as red ball. In oder to support the 
diatomic nature ofthe peroxide intes- 
mediate, simulated annealed Fass ~ 
Fesue maps omitting the distal or 
proximal oxygens ofthe O-O moiety, respectively, were calculated. The two maps are displayed in green (distal) and orange (proximal at a contour level of 3.00. 
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Mononuclear iron-pewxide complexes are 
‘generally obtained by reacting iron(II with excess 
102 (23), However, to minimize Fenton-skiven 
‘generation of toxic hydroxyl radicals, we fist 
‘oxidized crystalline SOR with hex 
(IV) and then exposed itto HyOs foe 
fivezing (24). Because the isolation of inon(l)- 


peroxide complexes is hamperal by their high 
reactivity crystallographic data were collected with 
the mutant ewyme EL4A (Glu' At"), in 
Which, as described for the E47A (Ghi—-Ala") 
variant (19, 20), these intermediates are stabilized 
[Supporting Onfine Material (SOM) text}. Com- 
parison of the native crystal structures of the wild 


Fig. 2. structure of the SOR-peroxide intermediates. Stereo views of the peroxde-bound SOR 


active sites in monomers C, B, and D are shown in (A), (B), and (C), respectively. Final 2Fax, 


maps (bl 


Fate 


, contoured at 1.0c), simulated annealed Fats ~ Fee Maps omitting the peroxo moiety 


and associated water molecules (green, contoured at 4.5c), and simulated annealed Foy ~ Fate 
‘maps omitting only Lys*® (orange, contoured at 3.50) are shown, overlaid on the refined models of 
the SOR-peroxide intermediates. Hydrogen bonds and iron coordination are shown a5 blue and 


black dashed lines, respectively. 
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type and mutant enzyimes reveal thatthe oss of 
the E14 side chain does not aller the overall 
cewymne structure (Table 1), 

The asymmetric unit in SOR-EN4A crystals 
contains four monomers, denoted A 10 D. Upon 
scaking with 140, diffiaction data to 195 A 
resolution (24) (able S1) revealed elongated fea 
tures in the cletron density maps that are eon 
sistent with the formation of end-on (peroxide 
species in monomers B, C, and D (Figs. | and 2) 
‘whereas monomer did not react. To verify the 
chemical nature of the observed species, we 
developed a Raman spectrometer 10 analyze 
xyecooled erystals under conditions identical to 
those usa for x-ray data collection (24, 25) (i 
SI), Upon 1202 treatment, two "0 isotope 
sensitive main bands at ~S67 em" and “838 em 
appeared in the Raman spectra of SOR crystals 
(Fig. 3), Although these bands probably involve 
the coupling of a number of vibrational modes, 
‘hey fll within the expecta range for (FOO) 
anid 0-0) fequiccs of inon-peroxide species, 
respectively (26) (SOM tex). mpartantly, they 
are not specific to the erystalline phase, because 
they also appeared with solution samp sim 
ilarly tated with hydrogen peroxide (SOM 
texb. In addition, Raman spectra from crystals 
exposed to xrays (27) showed the same signature 
a unexposed erysal, ruling out the possibility 
‘of substantial photo-alferation during data colle 
tion [itis known that the solvent-exposed SOR 
active site is sensitive to reduction by ‘ray 
inded photoelectrons (/2)} Over in crystals 
Raman specira srongly sugested the buiklup of 
inon-perunide species in the rystal. To assess the 
[Protonation stn of these species, we performed 

nsity functional theory (DFT) calculations 
(SOM text) on moxkel SOR active sites based on 
the A-ray structures determined in this work, In 
‘monomers Band D, these calculations favor high 
spin! hydroperoo spocies that are protonated at 
the distal oxygen, consistent with pulse-adiolysis 
siualics thit suggested rapid protonation of the 
SOR iroe-peroxo species even at the basic pit 
(pl = 9) used in our work (17), In monomer C 
 spscies is also fred, but is protonation 
not be firmly established 
inl x-ray models of SOR monomers B,C, 
and D show end-on iron(II -peroxide species in 
three different configurations that all display the 
distal oxygen pointing towand His!" to accom 
‘moda steric constraints imposed by the protein 
mast, Thus, the atoms CaeysnrerScyaie-FO-O-0 
ae nee-coplana, resulting in ono orbital 
‘overap ara contributing to weaken the iron-cy zen 
bond, as abso suggested by the long Fe-O dlis- 
tances found in our DFT calculations (Table 1) 

In SOR.a solvent-exposa flexible loop (1es- 
‘dues 45 1049, called “LID” thereafter is located. 
near the active site and includes: Lys*, an 
evolutionary conserved residue critical for ef 
cient catalysis (/6, 17). The formation of iron 
emyide species modified the conformation 0 
Lys relative to that in the native reduced state 
(SOM text), In monomer C, the hydroperoxo 
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moiety only interacts with the active iron, and the 
LID Joop displays a “locked-open”” conf 
tion, possibly because of weak crystal lattice 
contacts (SOM text), This LID conformation 
prevents Lys" from interacting with the hydro 
pemxo moiety, Keaving the side chain of this 
residue in a disordered state. In contrast, in 
monomer B, the LID loop is found “locked 
closed,” and Lys* facilitates a tight hydrogen 


Fig, 3. Raman spectra of 
SOR crystals. After reaction 
With HO, the ELI4A SOR 


bond network around the distal oxygen of the 
peroxide moiety that also includes two water 
mokcules (Wat and Ws 
positively charged amino group of Lys (SOM 
Text) attracts the pemxide ligand, presumably 
Inducing astrch of the S,cyanied ‘ 
that may further weaken the Fe-O bond. In 
monomer D, the side chain of Lys* slightly ro- 
tates away ffom the hydroperoxo moiety, and the 


SOR + #,"0, 
mutant reveals bands at q 
“567 cn and -838 cn seche 
which are totopicly shifted SOR reduced 
sor! zg 
in the presence of Hs onidized 
Gertical gray tine, Simiar SOR 
Raman bands and #0 o- 
topic shifts are observed in SOR +H,0, Xray 
solution experiments (id. SOR + H,0,0 
52), ELLAASOR in the na saad 
tive reduced form does not a ee — lari 


‘exhibit these bands; neither 


do crystals oxidized by hexachloroiridate(IV), The peaks at ~567 cm” and ~838 cm” are not substantially 
affected by exposure toan way dase of 3 10° Gy, which is about the same dose as used for data collection. 


Fig. 4. Proposed mech 

of superoxide re- 
duction by SOR, The 
proposed catalytic cycle 
begins with the reduced 
pentacoordinated active 
site (1). Superoxide binds 
(2) and gets reduced 
(ed artow) to an une 
protonated peroxo spe 
ies (3). Previous data 
suggested that this in- 
termediate could comre- 
spond to a high-spin 
side-on perono-Fe"*spe- 
cies (29, 20) (SOM text, 
The first protonation 
step leads to the con 
figuration observed in 
monomer C (4), Lys" 
and two water molecules 
are recruited (5), yild- 
ing the configuration 
‘observed in monomer B 
that subsequently vear- 
ranges to gie the con 
figuration of monomer 
D (6). At this point, 
protonation ofthe prox: 
imal oxygen atom (ved 
arrow) is facilitated by 
the key water molecule 
Wat"*. Hydrogen perax- 
ide is formed and leaves 
the active site with the 
assistance of the hydrax- 


ry 


“cl 


Be 


to 
a 


\ 


3 


1 


A 


two water molecules Wat"? and Wat! ae still 
jbserved, together with a third molecule (Wat!) 
that may play a stabilizing roe. However, Wat!® 
‘now forms a hydrogen bond with the amino 
soup of Als, whereas Wat!” moves slightly 
toward the iron so that it interacts with both 
proximal and distal oxygen atoms of the hydro 
peroxo moiety. Wat!” is therefore in a favorable 
position to donate a proton to the proximal oxy 
gen atom, allowing the formation and release of 
hydrogen peroxide. This crucial sep tht dif 
ferentiates SOR from heme enzymes where 
protonation occurs atthe distal oxygen, liberating 
‘water and oxo-temyl species (2), Simultaneously, 
4 combination of subtle rearrangements of the 
in-coordinating histines shifts the ion into 
the plane defined by the four equatorial cooti- 
rating witrogens (Table 1) (28), This confirma 
tion possibly facilites access of Wat!" to the 
ind the proximal oxygen. 
Our data highlight the dynamic behavior of 
the SOR active site en route to prexluct formation 
(Fig. 4 and movie $1). Monomer © may be 
Viewod as an carly state along the reaction coor 
dinate that preoedes the conformational reat= 
rangements Keading 0 the protonation of the 
HOO" adduct. We suygest that this state is st 


7 eat oo 
. he 
ie oy 


ide ion product (7). After a rearrangement of the LID loop, Glu replaces the hydroxide ion (B). Lastly, the active site is regenerated to its reduced state (2) by an 
lunknown extemal factor. Along the catalytic cycle, blue colar indicates the (hyceo)peraxo species. 
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crystal because of the locked-open. 
configuration of the LID loop. In contrast, 
monomers B ang D reveal subsequent activated 
configurations, emphasizing the catalytic role of 
Lys, The observation of Wat! in the immediate 
environment of the hydroperono species i these 
monomers songly supports the hypothesis daa 
this water- mol proton donor for 
product formation and rekase. We propose that 
Lys" hydrogen bonds to Wat! and imports it 
into the SOR active site in. a motion promoted by 
clectrstatic attraction of the positively changed 
amino group to the hydkepesos0 ligand. Once an- 
‘hove in the viiity ofthe posi oxyysn, Wat!" 
bocames mone aid because ofthe inkraction with 
the amino group of Lys". Protonation of the 
proximal oxygen is probably simultaneous with 
the cleavage ofthe ion-<ygen bond, and Wat!” 
may immediately replace the hydrogen peroxide 
product in the form of hydroxide ton until Gla? 
binds wo the ino, as aleady suggested (18, 22). 

‘SOR illustrates the key nok played by subtle 
protein motions in enzyme catalysis (29). In 
crystalline SOR, the flexible LID loop adapts 
Various confonmations, suggesting ta there is 
Title fee enengy difference between disordered 
{cruropy driven) states fo his lop ata ordre 
‘emthalpy-driven) ones where Lys" is stabilized 
by transient Hbonding networks. Our dat ane 
‘consistent with the ia of a breathing of the LID 
Joop that serves to import catalytically competent 
water mokecuks into the SOR aetive site (29). In 
the erystal, local packing forces may slightly 
modify the thermodynamic enengy bakes, se- 
Iccting diffrent confirmations in each monomer. 

The structural observations describes i this 
\work are obviously not suficient 1 entirely ac- 
count forthe specific waetivity of SOR toward 
breakage of the irn-axyzen bond. Fiely tuned 
sleciron donation by the trans thiokte gand 
") ig expected to precisely adjust 
strength of this bond (1D, Furthermore, several 
Tines of evidence indiate that the iron spin state 
trcatly modulates the strength of the inon-oxygen 
and oxygen-oxygen bonds in iroillly-peroxile 
‘compleres (J, 17,21, 23). Whereas many heme 
catalysts that promote cleavage of the O-O 
bond involve low-spin states ofthe iron, SOR 
(U9, 20, 30) and the oxygen carrer d-ron 
hhemerythrin (37) ae unique in that they involve a 
$2) i state (30) (SOM text. Ine 
forestingly, SOR an hemerythrin share structural 
and spectroscepicpropertis: In oy bemerythrin, 
an enon iro-peroxide specics stabilized! by 3 
song hydgen bond is also observed (37). In 
adkltion, dhe Raman vibrations measured for SOR 
and oxy-hemeythrin are relatively similar and 
imply a weaker FeO bond and a stronger 0-0 
bond when compared to k-spin iron-peronide 
model compounds known to favor heterolytic 
cleavage ofthe 0-0 bond (26) 

The data suggest a possible mechanisen for 
hydimgen peroside formation, highlighting the 
role ofa key water molecule finely controlled by 
the enzyme dynamics. The revealed conforma 
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tional transitions provide a strong basis for futher 
‘computational and structural investigations of the 
mechanism of superoxide scavenging by SOR and 
may facilitate the design of biomimetic catalyst, 
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Crystal Structures of Fe** Dioxygenase 
Superoxo, Alkylperoxo, and Bound 
Product Intermediates 


Elena G. Kovaleva and John D. Lipscomb* 


We report the structures of three intermediates in the O> activation and insertion reactions of an 


‘extradiol ring-cleaving dioxygenase. A crystal of Fe**-containing homoprotocatechuate 2, 


dioxygenase was soaked in the stow substrate 4-nitrocatechol in a low Oz atmosphere. The x-ray 
‘crystal structure shows that three different intermediates reside in different subunits of a single 
homotetrameric enzyme molecule. One of these is the key substrate-atkylperoxo-Fe** intermediate, 


which has been predicted, but not structurally characterized, 


an oxygenase. The intermediates 


define the major chemical steps of the dioxygenase mechanism and point to a general mechanistic 
strategy for the diverse 2-His-1-carboxylate enzyme family. 


cerubic life % possible because Oz must 
AS acral Yee wil eat ey 
with most biological molecules, which 


prevents indiscriminate oxidation, Oxygenase 
enzymes have evolved numerous chemical strat- 
‘ties to selectively effet this activation so that 
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the inherent osidizing power of Os ean be used 
productively (/, 2). For example, in the nonheme 
Fe" containing extradiol dioxygenase enzymes, 
which a 


‘many natural and manmade aromat 
(3), substrate binding ye 7 
and activation, The substrates for these enzymes 
logs of catechol (1.2<tihydroxybenzen), 
‘and they bind directly to the iron asa chelate by 
means of their adjacent hydroxyl functions (4, 5) 
The substrate-binding reaction causesa change in 
the ligation state and electronic properties ofthe 
iron, s0 that Op can bind in an adjacent iron 
coondination ste (4, 6, 7) Os activation and ring 
‘opening then occur Without intraduction of 
extemal reeing equiva 

On the sis of spectmscopic studies 
cextradiol dioxygenases, we have proposed that 
the simultancous binding of substrate and O10 
the ion allows transfer of electron density such 
that the substrate gains cation radical character, 
While the O becomes a nascent superoxide 
(Fig, 1.11) (1,8), Recombination of the incipient 
radicals woul! yield an alkylperoxo int 
mediate (IID, A concerted Criegse reamange- 
mint of this intermediate would result in OO 
bond ckavage and insertion of one oxygen atom 
ino the aromultc ring to form a lactone 
mediate (IV), which would proceed to the Fin 
‘ops pont (V). 

The X-ray etystal structures of several extra- 
iol dioxyygenases have shown that. as predicted, 
the substrate does chelate the iron, and this 
creates a vacant site in the iron coordination 
(5, 9, 10), The structures have also allowed the 
aplication of computationally based! theoretical 
techniques, whieh fas fed to several new propos 
als for the mechs the 0-0 bond ckeav- 
x! ring-opening stops) (11, 12). Ho 
these mechanisms posit th initial 
tion of an alkylperoxo intermediate, a species 
that has ever been structurally characterized, 
Here, we hive trapped this Iynehpin species 
single crystal anxd structurally characterized i 
The Op adduet precursor and the prxluct com- 
plex successor to the alkylperoxo intermediate 
ane remrkably found to be simultaneously 
present in different subunits of the enzyrne in 
the same asyrimetric unit, which allows these 
species to be structurally characterized as well, 

Homoprotocatechuate 23-ioxygenase (2, 
HCD) tiom Brevibucteriam fuscum catalyzes 
the proximal extradiot ring cleavage of homo 
protocatechuate 3.A-dihydroxypheny lacetate, 
HPCA) to form ring-opencd S-carboxymethy 
2-hydoxymuconic semiakichyde (13), In the 
Original structural study of 23-HPCD and its 
somplex with HPCA, a Cterminal deletion 
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Variant was used (14) 10 facilitate crystallization 
(JO). The fulllength enzyme was successfully 
crystallized only once, but the re fow- 
resolution structure revealed that the C terminus 
forms a “hd” over the substrate binging pocket 
(ZO). In the cument study, conditions have been 
defined 10 allow reproducible crystallization of 
the full-length protsin in a new space group 
(2,2,2) (15). The structures of the new form 
(19-4 resolution) show numerous ew inter 
molecular contacts (Fig. 2) that appear 1 
lucnce the rates of the catalytic steps so that 
ntermediates are stabilized, as described below 

Transient kinetic studies of 2.3-HPCD in 
solution have provided inroads into the detee- 
tion of discrete intermediates inthe catalytic ey= 
le (16, 17). The use of an alternative substrate, 
4-nitrocatechol (4NC), slows the oxygen activa- 
tion and insertion steps of the eycle (Fig. |. 1 
though V) and provides a chromophore that is 


may 
Fes 
TR, 
a 
Son of 
s 


1 eh 


‘CHO. 


- 


sensitive to the hydroxyl substituent jonization 
sate, protein environment, and ring ekavaye, 
This approach allowed us to detect six reaction 
eyeke steps before rate-limiting product release 
Unfortunately, despite the decreased rates, the 
anticipated 4NC-Fe™"-O, and alkylperoxo inter- 
‘mediates were not sufficiently long-lived to be 
observed directly. I has been reported that steps 
in the reaction eycle of an enzyme in a crystal 
ofien occur much more slowly than they would 
in solution (78). Accondingly, we show here that 
when the tumover of 4NC is initited ina 
aystal of 2.3-HPCD, the key oxygen activation 
and reaction intermediates are stabilized (Fig. 3, 
AtwC) 


it € (Fig. 3A), 4NC chelates the 
inn (OF-Fe = 22 A, O1Fe = 2.2 A) 
U9), i sites opposite Fee ligands His! and, 
His", respectively, and a diatomic molecule 

‘Sd, assigned as oxy gen (20), oseapies 


Fig. 1. Proposed reaction mechanism for 
cextradiolring-cleaving dioxygenases. R = 
-CH;COOH oF NO, (22). ANC binds as the 
dianion. 


KO 


woxple, 


o 


Fig. 2. (A) Overlay of monomeric subunit structures in the presence and absence of C terminus. 
Full-length enzyme (PDB code 21G9) is shown in blue, and the C-terminal residues 323 to 362 are 
shown in red, C terminus truncated enzyme [PDB code 1F1X (10)] is shown in gray except for 


residues in the substrate-binding cleft that exhibit 


slight structural alterations in the absence ofthe 


C terminus, which are shown in green. Active site residues are shown as sticks, and mononuclear Fe 
center, solvent, and CI” are shown as purple, red, and blue spheres, respectively. (B) Crystal 
packing (intermolecular) contacts for subunits of the full-length homotetrameric enzyme 2,3-HPCD 
in P2422 space group (PDB code 2IGA). Residues involved in contacts (<SA) with symmetry- 
related molecules are shown as colored sticks and surfaces. 
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the adjagent site opposite figané Ghi™?, The 


symmetrical, elliptical shape of the eleetron 
density of the diatomic molecule and the long 
distance between C2 and 02° 4 A) 
‘suggests that a bond between the 4NC and the 
ound oxygen has not yet formed. Two aspects 
of this structure are particularly noteworthy 
rst, the putative Op ligand is bound si 

(O1.Fe= 2.5 A and 02-Fe = 2.4 A) rather 
than the more eon encountered enon, 
Second, the plane of the 4NC ring is puckered 
rather th 2 this causes the CHE 


hydroxy! substinent to move far out of plane 
Whigh strengthens the hydrogen bond with 
Tyr”. No devistion from a planar aromatic 
Fing is observed for the anaerobic complex of 
2,LIIPCD with substrate (10). The deviation at 
C2 rom sp? toward sp hybriization is 
consistent with electron transfer foam 4NC 100 
Via the ima to give the ring cation-radical 
character and the O3 superoxide character (sce 

1, I). Consequently, the superoxo state is 
assumed, and an O-O distance of 134A, was 


}. Structures of reactive species rapped in the active sites of 2,3-HPCD during in crystallo reaction 


with 4NC and Oz (PDB code 21GA). (A) Temary complex (subunit © of enzyme with 4NC semiquinone 
and side-on bound diorygen species. (B)Alkyiperoxo intermediate complex [subunit D, similar structure 
‘observed in subunit B (not shown]. (C) Complex with open-ring product (subunit A. The bive 2Fas—~ 
Fexe Maps are contoured at 1.0 « (A, B) and 0.75 « (C). The green Fase ~ Fax ligand-omit maps were 
‘computed by removing ligands from the model and are contoured at +4 (A), 3.75 « (B), and 3.¢ 
(©. Atom color code: gray, carbon (enzyme residues); yellow, carbon (ligands); blue, nitrogen: red, 
‘oxygen; purple, iron. Red dashed tines show hydrogen-bonds (A). Gray dashed lines indicate bonds 
‘potential bonds to iron; distances are given in the text or in table $3. Additional views of the 


‘complexes are given in fig. S1. 
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The structures of subunits B and D (Eig, 3B) 
ow that a bond has formed between C2 and 
02% (1.4 A) to generate the alkylperoxo. 
intermediate (sce The ring of 4NC 
becomes more extensively puckered, and C2%° 
assumes a fully? hybridization, while both 
02% and O14 remain coordinated to the iron 
(23 and 22 A, respectively), During refinement 
of the alkylperoxo li 
1 tetrahedral geometry (109,5"), and the 0-0. 
bond distance wats refined 10 1.5 A (22). The bond 
between O1 and the inn is retained (2.1 A), but 
02% moves out of bonding distance (2.8 A) in 
position to be transfered to the 4NC 
The structure in subunit A (Fig. 3C) shows 
that the aromatic ring of 4NC has been broken 
benween the C2 and C34 carbons 0 form 
the ring-open product (sce Fig. 1, V). The product 
remains bound 10 the iron via the carboxy 
derived fron the C2°%€ carbon and the hydroxy 
from the former C14 carbon, The newly 
formed carboxylate rotates to the optimal 
ientation: this prov ides direct evidence 
for ring fissure. The open-ring struct 
rotation of the bonds that are not fixed by the 
ad structure. As a result, the electron 
ensity far two of the former ring carbons is not 
observed (see fig. S2) (23), The aldehyde and 
nitro substituents of the product interact strongly 
\with the normal anion-binding pocket ereated by 
His, Ang. and Ang allowing elsewon 
ity to be observed. However, the data do 
‘pot allow the relative orientations of thealdehyde 
nitro groups to be deternined with certainty 
(fig. $3), The orientation shown in Fig, 3C causes 
fewest had contacts, Solvent occupies the 
ix} position formerly occupied by oxy 
agen, as it does in the structure of the resting 
‘enzyme afler release of the proxluct 


Ke) nd oy 
” 
‘E267, 
= 
= 
Fig. 4. Structure superpe m of Fe-bound 


ligands observed at different steps of catalytic 
reaction: solvent in resting state (green), substrate 
and diorygen (yellow, Fig. 3A), alkylperoxo 
intermediate (blue, Fig. 3B), ring-open product 
and solvent (red, Fig. 30. Active site residues and 
Fe are shown in gray and purple, respectively, 
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Although the simuhtancous presence of three 
different reastion cycle intermediates in a single 

ryme with four independent active sites is 
not surprising, it was not anticipated that they 
could be independently observed in an 
crystal structure. If they eccurred randomly in 
all of the active sites present in the erystal, only 
the (unineerpretable) average of all of the 
structures woul! be observed. This implies that, 
inthe crystal, the reaction procesds rapidly oly 
a far asa specific intermediate in the active site 
located in a given region of the asymmetric 
Lnit. Similar observations have been made in a 
few other enzyme erystals (24), I is likely that 
the different: reactivities of the 23-HPCD 
subunits can be attibuted to crystal packing 
forces thit cause minor structural differences 
2B). This is especially tre at the interface 
between syimmetry-related elements involving 
the residues surround irminal Ht that 
covers the active site cavity ark! alters the 
interaction of active site residues with the 
substrate (Fig. 2A), (For further information 
see table $2.) 

‘The presence of product bound inthe active 
site of one subunit shows that the enizyme in the 
crystal form used is active (See supporting 
‘online material). This suggests tha the supstose 
and alkylperoxo intermedia obyerved in the 
same crystal are relevant 1 the catalytic process 
As such, they offer direct evidence for some 
Of the most important aspects of the mecha- 
istic hypothesis proposes previously (4,8, 17), 
Specifically they show that: (the aromatic 
substrate and oxygen are bownd 19 the iron 
simulancously in adjacent sites: (i) ekgetron 
transfer occurs between these two substrates, 
uziving rise 10 the puckered substrate ring: (i) 
the attack on oxidized substrate occurs before 
0-0 bond cleavage, apparently hy the Fe 
superono species: iv) the next eyele 
diate is nota dioxetane, as proposed in some 
carly studies. (25); and (9) the alkyipsroxo 
inermedinte tht does form is located between, 
the iron and the OH-bearing, €2 carbon of the 
aromatic substrate. 

‘The observation of a side-on rather tn an 
cendon oxy complex was not anticipated be- 
ceause we have shown fn the past that the Oy 
surogate, NO, which ean only form an end-oa 
complex. with ir, binnls very strongly t0 the 
cenizyme-substrate complex (6). Thus, there is 
sufficient room near the diatomic molecule 
binding site for an endkon Os complex. Sueh a 
complex could lead to, or evolve ftom, the side~ 
‘on comples observed. Hydrogen bonding inter 
actions between the bound Oy and the second 
sphere residues probably play important roles in 
Stabilizing the unusual side-on binding orienta 
tion. In particular, His" and Asn!” interact 
With dioxygen-lerived atoms in both superono 
and alkylperoxo complexes (Fiz. 3, A and B). 
The side-on binding orientation positions the 
oxygen adduct perfectly to react with the 
substrate atthe comect ring carbon (Fig. 4) 


20 APRIL 2007 VOL316 SCIENCE 


In should be noted that the only ether struc- 
turally characterized Oz adduct among the 
‘mononuclear nonheme ion family also exhib- 
its side-on binding (26). This spocies forms in 
the Rieske-type cix-iol forming naphthalene 
1 2-dioxygenase (NDO) which differs in many 
structural and mechanistic respects from the ring 
cleaving dioxygenase studied here (27, 28). As 
for 2.3-HPCD, the side-on O; binding in NDO 
may he enforeed by steric interactions, in that 
case, by close binding of the substrate and an 
Asparagine residue. In NDO, two elctrons (one 
from the Fe ang the other fiom a Rieske FeS 
cluster are transferred 10 the Os in forming the 
side-on complex, resulting in a perowo-Fe™” 
species The NDO complex 0-0 bond (1.47 A) 
sas long or knger than that assumed here forthe 
‘oxygen adkluct, and it exhibits shoner bends 10 
Fe (199 and 1.74 A), consistent with a greater 
degree of electron transfer to the oxygen and the 
consequent higher awidation state of the ion, 

The current studs provide experimental 
support for many aspects of recent compute 
tional investigations of the mechanism, but they 
also highlight a few inconsistencies. The side-on 
‘oxy comple was not predict in the compu 
tational studies (77. 12, which were influenced 
boy the structure of the end-on nitrosyl com: 
plex (7). The alkylperoxo intermediate resem 
bes the computed structures in bond lengths 
and orientations. In particu, it assumes the 
«quasi-axia position relative to the substrate ring 
suggested by Bugg an! Lin to direct extadiol 
rather than inradiol ing ckeavage (29), As is 
pointed out in computational studies. hydkogen- 
‘bonding interactions and proton ransfer to OL? 
jn the alkylperovo intennediats are readily sup 
ported by the active site structure (Fig. 3, A 
and B) (see supporting online material for a 
discussion of the particulaly strong hydrogen 
bonds). However, the current structural sixly 
shows that the proton donor is likely to be the 
ically positioned His rather than the sug- 
gested water (not present) (/2) or Glu? 
(cated on the ether side of the iron) (17). This 
conclusion is in aceon! with kinctic studics of 
2341PCD His? mutans that revealed a dra 
matic doenase in the rate constant for O-O 
bond ckavage in the absence ofan in situ acid 
catalyst (17) 

‘The extraliol dioxytenase isthe archetypal 
member of the exceptionally broad class of 
Fe**-containing cazymes termed the 2-His-1- 
carboxylate ficial triad fami 
actions ranging fiom aromatic biodegradation 
the biosynthesis of antibiotics and the building 
blocks for mammalian connective tise (9, 30) 
Many of these enzymes activate O, daring their 
catalytic eycle and bind substrates. simulta- 
sncously to multiple Fe™ igand sites as describe 
in the context of extraiol dioxygenases (4). A 
general mechanistic scenario for this enzyme 
class emerges from the sirictural stuties presented 
hhere. in which the dual role of the ion is 10 
Justapose properly the omsanic substrate and Os 


and to facilitate electron transfer fom the former 
1 the latter, After this common initial oxygen 
activation step, a myriad of reactions can be 
envisioned, 
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Neuronal Competition and Selection 
During Memory Formation 


Jin-Hee Han,)2 
‘Anna Mat 
Alcino J. Silva,* Sheena A. Josselyn???>> 


Competition between neurons is necessary for refining neural circuits during development and 
may be important for selecting the neurons that participate in encoding memories in the adult 
brain, To examine neuronal competition during memory formation, we conducted experiments with 
mice in which we manipulated the function of CREB (adenosine 3,5”-monophosphate response 
‘element-binding protein) in subsets of neurons. Changes in CREB function influenced the probability 
that individual lateral amygdala neurons were recruited into a ear memory trace. Our results suggest a 
‘competitive model underlying memory formation, in which eligible neurons are selected to participate 
in-a memory trace as a function of their relative CREB activity at the time of learning, 


petition is a find property 
( nay biological systems and erwates 
selective pressure between individual 
clement. pk, competition bet 
bilateral monocular neural inputs mediates 0 
lar dominance plasticity (J, 2). The tanscription 
fitor CREB {adenosine 3.S"-movophosphate 
response element-binding protein) has been 
implicated in this competition in the devel- 
‘oping brain (3, 4). The finding that only a por- 
curons participate in a given 

memory (5) suggests that competition be- 
also underlie plasticity in 


tion of eligible 


ayasala (LA) is 
memories 
LA neurons rece 


required for auditory conditioned 

(7.911), Although -70" 

the necessary sensory input, only onequart 
wditory fear conditioning induced plas 

ticity (6, 7). We found that a similar propo 
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determining which neurons are recruited into the 

ory trace, To examine this result, we 
‘manipulated CREB function in a similar portion 
of LA newons by microinjecting replication 
defective herpes simplex viral vectors express 
ws endonenous or dominani-negative CREB. 
(CREB™T and CREB, respectively) fused 
with grcen fluorescent protein (GFP) (/2). 

To maximize the relative difference in CREB 
fimetion between neurons, we first increased 
CREB levels in a subset of LA neurons in mu 
tant mice that have reduced CREB. funet 
Mice lacking 1 
and 6; CREB-deficient mi 

mental a 


major isoforms of CREB (a 


) show deficits in 
adult plasticity, including 
1B and fi, 
or control 
vector into the LA of CREB-deficiont oF wil: 
type lttemute mice before fear conditioning ar! 
asensed! memory (the perventage af time mice 
spent fiveving during subsequent 10 
tation) 24 hours later. Although CREB! 


OFLA cells show od CREB (phosphory! 
ation at Ser!) after auditory fear conditioning, 
(Fig. 1A) which suggests a role for CREB in 


vector 


Rise By, 
i / 
gn ry 
? * 
° ow cease 
aren ten neat Gute Rees 
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[ 
« 
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wer wr CREO* CREB 
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Fig. 1. Auditory fear conditioning activates CREB in ~20% of LA cells in wild-type (WT) mice; 
increasing CREB function in a similar portion of LA neurons rescues the fear memory deficit in 
CREB-deficient mice. (A) Percentages of LA cells expressing phosphorylated CREB after fear 
Conditioning (tone + shock, n = 6) was higher than after control conditions [tone alone (n = 4), 
‘immediate shock (7 = 4), exposure to chamber (n = 4), or homecage control (n = 4), F(4,17) = 
5.36, P < 0.05]. Error bars in all figures represent SEM. (B) CREB-deficient (CREB) mice show 
impaired auditory fear memory [F(1,20) = 24.23, P < 0.05; WI n = 12, CREB-deficient n = 10]. (C) 
Left: Outline of the LA. Right: Roughly 20% of LA neurons expressed GFP after infusion of CREB™ 
vector [top, nuclei stained with 4,6 -diamidino-2-phenylindole (DAPI); bottom, GFP. Scale bar, 
250 um. (D) Microinjection of controt vector (Cntr; n = 8) or CREB™" vector (n = 9) did not change 
the high freezing in WT mice, whereas microinjection of CREB™” vector (n = 9), but not control 
vector (7 = 8), into the LA of CREB-deficient mice rescued this memory deficit [Genotype x Vector 
F130) = 6.64, P< 0005). 
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infected onl 2% of LA. neurons (F in, als ) (8). Neuronal was higher by a factor of ~3 in neurons with 
1©). the me ipairment in CREB-deficient activity in Pid bust tr ase in CREB®™ vector (64,1 = 5.8%) than in thei 
mice was completely rescued: CREB-d Are wanseription, such that nuclear winfected neighbors (19.5 = 4.6%), In conta, 
rice infused with CREB™™ vextor freveat kvels Are RNA serves ar signat neurons containing control vector were no more 
similar to those of wildhtype mice infused with recently «5 10 1S on (8). Fi 9 be Arc” than their neighbors in either 
cither CREBYT or contol sector (Fig. 1D) minutes afte fear memory test, we wikl-type or CREB-deficient mice (Fig. 2 

Moreover, micminjecting CREB"? vector into. removed the brain and used fluorescenc JD). The preferential distribution of Are 
the LA of CREB-deficiemt mice filed 10 rescue situ hybridization 10 d RNA (8). Or in neurons with higher CREB function 
the memory impairment observed in a parallel — new walling tunutes (during alo observed immediately after training 
context fear-conditioning task (fig. S2) that also vid have dre RNA localized (fig. S3). The bias in Are” distribution was even 
critically depends on intact hippocampal func ier in CREB-deficient mice, where the 
tion (/5). This finding indicates thar infusin If relative CREB func ability of detecting Are* nuclei was higher 
CREB™* vector into the LA does not simply in- probabil idual by a factor of ~10 in neurons with CREBNT 
crease freezing : sector (69.6 = 2.0%) than in their neighbors 

Wernest examined whether ncurons containing then neurons with elevated ( 9 ) (Fig 20%. 

CREBYT vector were di mnatcly repre CREBYT pe more likely than intense training (075-1 shock) 
senad in the fear memory tace. To visualize th hb (without CREB" vector) used above induced eciling levels of freezing in 
memory tre, We used the activily-depena tobe Ave ic memory test, Indeod. in WiKd- —wikl-type mice, we trained additional groups 
fre (activity-regulated eytoskele type mice the probabil img Are" nucki witha lower-intensty shock (0.4 mA) to examine 


Fig. 2. Neurons with incre 
CCREB function are more likely 
than their neighbors to be 
recruited to the fear memory 
trace, (A) Lett; Proportion of LA 
neurons that were Arct 
volved in the memory trace) in 
WT mice infused with CREBY™ 
vector. Middle: Arc* nuclei were 
more likely to be in neurons 
containing CREB™ vector (GFP*) 
than in noninfected neighbors 
GFP) (F.4) = 2331, P 
0.05). Right: Confocal images of 
UA. Blue, nuclet green arrows, 
GFP" (wth CREB™™ or control 
vector; pink arrows, Arc™ nude 
yellow arrows, doubleabeled 
neurons (GFP* and Arc"). (B and 
1) Ac* nuclet were equally dis 
tributed in neurons with (GFP*) 
and without (GFP™) the control 
vector in WT (B) and CREB 
deficient (0) mice (Ps > 0.05) 
(© Arc nucle were more likely to 
bee in neurons with (GFF) than 
without (GFP™) CREB™" vector in 
CREB-defiientmice [FUL,2) = 
373,42, P< 0.05}. Scale bar, 
50 ym. 
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fiction in wild- 
¥ fimction enhanced 
memory (Fig. 3A), consistent with results in flies 
(16), Aplsia (17, ats (IS, 19), and asers 


(63.8 = 5.0%) than 
neurons (21.9 = 4.2%) (Fig. 3A 
lar to the distri 


neighbor 
and fig. $3), 
‘observed in Wi 


plained if increasing CREB function directly 
induces tre transcription. Previous fimgings do. 
nol support this idea (21), likely because the ine 
promoter lacks a consensus CRE site (22), 
Nonetheless, to examine whether neurons with 
inereased CREB function were more likely than 
th 
conditioning, we 
the LA of wild-type 
nereasing CREB function 
etre expression, then neurons 
with CREB vector should be more likely than 
neighboring neurons 10 be Are”. However, 
distribution of Are nuclei was similar in neurons 
out CREB® vector in these hom 


Inanseriptionally active under these conditions, 
wwe infised & vector encoding constitu 
active form of CREB (CREBY™" (23)}, Again, 


Fig. 3. Reltive CREB 
function influences the 
recruitment of neurons 
ino the memory trace. 
(A Let: Proportion of, 
‘Arc™ UA neon in WT 
mice with CREB™ vector. 
‘Midle: Av nucle were 
more likely tobe in net 
rons with CREB™ vector 
(GFP*) than in nonin= 
fected (GFP neurons 
(fa,3) = 2362, P< 
(0.05) Right: CREB" vec- 
tor enhanced memory in 
Wi mice tained with lon 
intensity shock (FAL) = 
7.31, P < 0.05, control 
CREB™ vector n 
6). (B and C) Midd: 
Proportion of Arc UA 
neurons in untained WT 
mice with CREB" (B) 
‘or constitutively active 
CREBY*F (©) vector. 
Left: Neurons contain- 
ing CREB™" (B) or const- 
tutvely active CREB" 


neurons with increased CREB function (with 
CREBY™ vector) were no more likely tobe Are” 
than their neighbors (Fig. 3C). Therefore, in- 
creasing CREB function in a subset of LA 
‘neurons in untrained mice docs not affect the 
distribution of Arc, which highlights the impor- 
tance of training and leaming (fig. S4) in the 
preferential localization of Arc in neurons with 
nereased CREB function. 

Alternatively, neurons with increased CREB 
function may havea lower threshold for inducing 
Are transcription that only becomes apparent in 
test. We therefore microinjected 
wikLype mice with CREB" vector 24 hours 
‘after taining, Mice were tested 4 days aficr 
infission and the distribution of Arc” was quan- 
tified. IT the fear memory trace is consolidated in 
the LA within 24 hours after taining (24, 25), a 
preferential distribution of Arc in neurons with 
nercased CREB function would not be expecta, 
Although Arc” levels were comparable 10 those 
found in previous experiments in which wild-type 
mice were Kearconditionad 254 = 4.0%), Are 
‘was not preferentially localized in neurons with 
nereased CREB function [CREB™" yector 
9.7 © 1.6%, endogenous = 284 = 3.7% FLAY 
27.5%, P< 0.05), Together, these data suggest 
that increased CREB function enhances neuronal 
selection only during sufliciently salient leaming. 

We next investigated the effects of decreasing 
CREB funetion in a similar portion of LA neurons. 


(© vector (GFP*) were no more likely than noninfected neurons (GFP") to be Acc* in untrained mice (P > 
(0.05), (D) Neurons with decreased CREB function were less likely to be recruited to the memory trace. 
Left: Proportion of Arc* LA neurons. Middle: Arc* nuclei were ess likely to be in neurons with CREB" 

‘vector (GFP") than in noninfected neurons (GFP) [F(,2) = 405.28, P < 0.05]. Right: WT mice infused 


with CREB 
2.08, P > 0.05; control n = 7, CREB™* n = 8). 
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vector show normal memory, even wien trained with 2 lowerintensity shock (F113) 


REPO 


We hypothesized that memory’ would be normal 
tease the remaining neurons with intact CREB, 
funetion would outeompete this subset For inelie 
‘Son in the memory trace. Wikhaype mice were 
micrinjxted witha vector expe 

negative form of CREB (CREB) before audi- 
tory fear taining. Indood, these mice showed 
sonnal memory (Fig. 3D). Conssient wit this, 
the probability of dicing Ane” nucle was lower 
by a fictor of ~12 in neurons with CREB!" 
vector (2.7 = 0.6%) than in neurons without it 
G37 = 09%) (Fig, 3D) 

Together, these data provide evidence for 
spcwronal selection during memory formation 
‘The overall size of the Are” fear memory trace 
was both consistent with clectrophysiological 
estimates of the fear memory trace (6, 7) an 
stable across experiments in fear-conditoned 
wiklaype mice (Fig. 44). Th 
portion of LA neurons is reruited tothe memory 
trace, egandless of CREB manipulation, suggests 
thatthe rules govern neuronal selection during 
memory formation ane competitive rather than 
celhavionomous, If newonal selection were celle 
‘autonomous, the size of the Are” memory trace 


constant pre 


Fig. 4. Constant size of Arc’ memory trace 
suggests competitive selection process. (A) 
Proportion of LA Arc* neurons did not differ 
in fear-conditioned WT mice, regardless of 
vector [CREB™, control, CREB*") or training 
intensity {high (0.75:mA shock) or low (0.4-mA 
shock) [F(3,12) = 0.31, P < 0.05], (B) 
Distribution of Arc* varied according to CREB 
‘manipulation. First and second pairs of bars: 
‘arc’ nuclei were more likely to be in neurons 
with high CREB function (with CREB™™ vector; 
GFP*, green) than in noninfected neighbors 
(GFP*, blue) in WT mice trained with high (frst 
pait) or low (third pait) intensities. Third pair of 
bars: Arc* nuclei were equally distributed in 
neurons with (GFP*, green) and without (GFP, 
blue) control vector. Fourth pair of bars: Arc 
nuclei were less likely to be in neurons with 
decreased CREB function (with CREB 
vector; GFP*, green) relative to neighbors with 
intact CREB function (GFP", blue). 
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woul! vary according to CREB manipulation; 
CREB™T vector would induce a larger memory 
trace, whereas CREB” vector would induce 8 
smaller one. Therefore, the finding that a fixed 
Portion of winners emerge fom a kirgsr pool of 
cligible ncurons suggests a competitive selection 
process. These studies reveal multiple aspects of 
this competition by advantaging (CREB™) and, 
disadvantaging (CREBS®™) subsets of neurons 
(Fig. 48, 

The prise mechanism by which CREB con- 
fers 4 competitive advantage to neurons un- 
known, Neurons infected with a vector expressing 
constitutively ative CREB show faite long- 
tem potentiation and an inereased number of 
postsynapially 
nnoninfected neighbors (26). Silent synapses, con 
taining N-methybo-asparate (NMDA) recep 
tors but not AMPA receptors, are highly 
plastic and may provide the necessary con- 
ditions for participation in new memory 
traces. Altematively, CREB could increase 
neuronal excitability (27) abd thus bias these 
neurons for selection into the memory trace. 
Nonetheless, our data show that in ation to 
1s necessary for refining neural circuits 
ng development, competition between 


neurons is fundamental to memory formation 
in the adult brain. 
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Congratulations 


to the AAAS Student Poster Winners! 


AAAS Annual Meeting 15-19 February 2007 


‘AAAS recognizes the winners of the 2007 Student Poster Competition 
at the AAAS Annual Meeting in San Francisco this past February. 

Their work in a variety of fields displayed originality and understanding 
that set them apart from their colleagues. first-place winners will 
receive cash prizes thanks to the generous support of Subaru. 


BRAIN AND BEHAVIOR 
Winner: Shana R. Spindler, University of California, Los Angeles 
Bazooka Localizes to Dendritic Branch Points in the Drosophila 
Honorable Mention: Kameelah Abdullah and Desiree L. Salazar, 
University of California, Irvine 

Delayed Transplantation of Human Central Nervous System Stem 
Cells Into Spinal Cord Contusion Injured NOD-Scid Mice 
ENVIRONMENT AND ECOLOGY 

Winner: Holmes Hummel, Stanford University 

Policy implications of Global Energy Scenarios 

Jor Climate Stabilization 

Honorable Mention: Emily T. King, St. Mary's College of California 
Transport Dynamics Associated with Surface Qzone Concentrations 
in Joshua Tree National Park 

MATH, TECHNOLOGY, AND ENGINEERING 

Winner: Manu Prakash, Massachusetts Institute of Technology 
Microfluidic Bubble Logie 

Honorable Mention: Dinesh G, Bansal, Georgia Institute 

of Technology 

Design of a Precision Tribo-Tester for Studying Contact Transitions 
MEDICINE AND PUBLIC HEALTH 

Winner: Catherine Chen, Johns Hopkins University 

Selectively Inhibiting MYC Oncogene Activation with 

Designed Peptides 

Honorable Mention: jorge L. Durand, Albert Einstein College 

of Medicine 

‘A Novel Integration of MR Imaging and Raman Spectroscopy of 
Mouse Aortas 


> Full abstracts can be viewed at 
www.aaasmeeting.org. 


Keep an eye out for information about the 
2008 AAAS Annual Meeting, 14-18 February in Boston. 


For more details, visit 


www.aaasmeeting.org 


MOLECULAR AND CELLULAR 
Winner: Sarah Piloto, University of California, Irvine 
Requirements for an Ovo Orthologue in Neural Crest and 
‘Neural Tube Development 

Honorable Mention: Shannon P. Fortin and Kelsey Drake, 
Arizona State University 

Increased Fig Links to Glioma Cell Invastion and 

Poor Patient Outcome 


PHYSICAL SCIENCES: 

Winner: Rodrigo Gonzalez, University of California, Los Angeles 
Variations in Stability of Polynucleotide Hairpins Due to 
Stem-Loop Conformation 

Honorable Mention: Dylan H. Rood, University of California, 
‘Santa Barbara and Lawrence Livermore National Laboratory 
Changing Rates and Styles of Crustal Deformation at Timescales 
of 10 My to 10 Ky 


SCIENCE AND SOCIETY 
Winner: Lexyne L. McNealy, Northwestern University 

Prosthetic Ankle Motion in Bilateral Transfemoral Amputees 
Honorable Mention: Jean-Francois Sénéchal, Université Laval, 
Québec, Canada 

Responsibility of Scientists: What Duties in the Struggle for 
Knowledge? 

SOCIAL SCIENCES 

Winner: Courtney Ficks, Lisa Doelger, and Karina R. Horowitz, 
Arizona State University; Whitney Guthrie, Pepperdine University 
Child Psychopathology: Heritability and Parental Differential 
Treatment 

Honorable Mention: David Bidwell and Rachael L Shwom, 
Michigan State University 

Deliberation Lite: How Does Feedback Influence Public Climate 
Change Policy? 


MV AAAS 


ADVANCING SCIENCE, SERVING SOCIETY 


microRNA expression profiling 
- using miRCURY™ LNA Arrays 


Dear Researcher, we are happy to announce the launch of miRCURY™ LNA 
prespotted microarray slides and ready-to-spot probe sets for microRNA profiling 
for all organisms (vertebrates/invertebrates/plants/viruses) in miRBase 8.1. 


We have at least 92% coverage in miRBase 9.0. 


> Stay ahead of the field 


- Most comprehensive probe set that contain 
proprietary miRPlus sequences not yet in miRBase 


> Increased discovery potential 
= Cross species profile comparison possible 
- Almost 1500 unique capture probes 


> Use less sample 
-Works on 1 ug total RNA 
- Highly sensitive LNA™ capture probes 


Discrimination of closely related miRNAs, 


> Get reliable results 


- Spike-In control probes for easy and improved 
normalizationprocedure and assessment of data 
quality and reproducibility 

- Excellent discrimination of let-7 family members 

-Tm normalized capture probes 


> Save time 


- No miRNA enrichment required 
- Fast 90 minutes miRNA labeling protocol 


Spike-In capture probes allow assessment 
of reproducibility 


Visit 


www.exiqon.com/array 
to learn more... 


oF contact us for more info: 
Phone: 


US: 781 376 4150 / 888 miRCURY (EST) 
Rest of world: +45 45 65 09 29 (GMT+1) 


Email: support@exigon.com 


STEM CELLS: 
BEYOND SOMATIC CELL 
NUCLEAR TRANSFER 


Despite the heated ethical and moral debate, research on embryonic stem cells 
has been forging ahead at breakneck speed. But before these cells make a dent 
in the clinic or in drug discovery, researchers must learn how to create cell lines 
rased individuals, so they can, for instance, learn how to stymie disease 
nin others. Here we examine some of the recent scientific advances 
‘and look at where the technology pack leaders may take us in the future. 
By Jeffrey M, Perkel 


1's been 25 years since Martin Evans and Matthew Kaufman at the University 
of Cambridge and Gail Martin at the University of California, San Francisco 
independently launched the stem cell revolution with their establishment 
of murine embryonic stem cell lines, and the impact on biomedical research 

is undeniable, 

Asaresearch tool, embryonic stem cells - pluripotent progenitors, harvested 
from the inner cell mass of developing embryos, that can differentiate into 
any cell type in the body ~ “have revolutionized the way we do biomedical 
research,” says George Daley, associate professor at Children's Hospital 
Boston and at the Harvard Stem Celt Institute, “Think of all the mouse 
models of cancer, of neurodegenerative and cardiovascular diseases that 
have realy come about because of our ability to manipulate genes in murine 
embryonic stem cells.” 

But more than that, Daley says, researchers’ ability to differentiate embryonic 
stem cellsin a culture dish has made them interesting objects of study in their own 
right. "Those in vitro systems allow us to ask questions about tissue differentiation 
ina manner that previously was inaccessible,” he says. Plus, he adds, the resulting 
lucidation of cellular lineages and how they emerge will provide a biological 
‘organizing principle akin to that gained from the sequencing ofthe human genome 
or chemisty's establishment ofthe periodic table of elements. 

Yet many technical challenges remain, especially in humans. Precious litle is 
known about the markers that distinguish one developmental ineage rom another: 
about which cellular signals can induce differentiation in a controlled, robust, and 
predictable manner; and perhaps most important, about how to make embryonic €£ mbryonic stem cells have 
stem cell lines from diseased individuals ~ a critical step for many therapeutic and 
<rug:development applications ftivoludentied tha way weeo 
Blast into the Past 
Last August Shinya Yamanaka, professor of stem cell biology at the Institute for 
Frontier Medical Sciences at Kyoto University, demonstrated it was possible to 
deprogram murine somatic cells—specifically fibroblasts —into embryonic-tike 
stem cells by expressing four genes: cmyc, oct3/4, 0x2, and kif. 


biomedical research.?? 


Look for these Upcoming Articles 


‘According to Yamanaka, the proteins encoded by these genes —identified from RNAI — June 
‘a pool of 24 candidates each serve a specific role: c-Myc opens tightly compacted ell Signaling 2 — june 22 
chromatin, enabling the transcription factors oct3/4 and sox2 to bind to gene Microarray Technologies — August 24 


regulatory regions in the genome and restore pluripotency. kif, he says, appears 

to fulfil two roles, both as a cofactor to oct3/4 and sox2, and as an apoptotic 

ee Inclusion of companies in this article does not indicate 

Ro * ‘endorsement by elther AAAS or Science, nor is it meant to 
Peter Mountford, president and CEO of Stem Cell Sciences, a stem cell esearch imply that their products or services are superior to those of 

and development company in Edinburgh, UK, describes the findings as coninueé » other companies. 


wwwusciencemag.org/products 463 


Stem Cells 


“In terms of cell therapy in general, 
it’s likely some diseases will be 
treated by embryonic stem cells, 
and others by adult stem cells.” 


“potentially one of the most important breakthroughs and certainly 
‘one of the most extraordinary experiments in recent times.” 
Yamanaka says work is ongoing in his lab to migrate these 
findings to humans, Preliminary evidence suggests additional factors 
may be required, he says, but perhaps the biggest challenge to using 
this technique to make therapeutic patient-matched embryonic stem 


Cells involves the gene-detivery technique itself. 

“So far we can generate these embryonic stem cell-like cells 
only by using a retroviral system,” Yamanaka expiains. But retroviral 
vectors have been linked to leukemia in some gene therapy trials ~a 
problem that is all the more acute because c-myc, at least.isa known 
oncogene. “Because of that. | think using the retroviral system is 
very, in a sense, dangerous,” Yamanaka says. 

Not implicated in Yamanaka’s study was nanog, which like 
‘9ct3/4 and sox2 Is also a key transcriptional regulator in pluripotent 
cells, Kiminobu Sugaya, director of the Stem Cell Laboratory at 
the University of Central Florida. has presented data at meetings 
showing that adult mesenchymal stem cells—bone marrow-derived 
cells that are predestined to form connective tissues like bone and 
cartilage can be dedifferentiated into embryonic-like stem cells by 
expression of nanog. 


Selected Embryonic Stem Cell Tools 
Embryonic stem cells present a number of unique challenges that 
distinguish them from run-of-the-mill cultured cell. For one thing, 
embryonic stem cells traditionally are cultured either on a murine 
embryonic fibroblast feeder layer, or in media that have been 
conditioned by such cells. In addition, like many cultured cells, 
embryonic stem cells require “black-box” additives, such as fetal 
bovine serum. 

Both of these components pose not only a potential 
contamination risk, but also a batch-to-batch consistency problem. 
Sera, for instance, can vary based on the animal's age, diet, sex, 
health, and reproductive status, among other factors, says Peter 
Mountford, president and CEO of Stem Cell Sciences. “You really 
have to get rid of any noncharacterized component. It must be like 
a chemical formula, so that every time you make it, itis exactly the 
same.” 

‘Mountford's company has developed media formulations, 
available through Millipore, for murine embryonic stem cell 
culture that require neither feeder cells nor serum; human media 
formulations that no longer require serum, but still require feeder 
cells, are also available. 

Invitrogen also is developing so-called fully defined media 
formulations, part of the company's cradle-to-grave strategy 
for embryonic stem cell work, according to Joydeep Goswami, 
Invitrogen's vice president of stem cell and regenerative medicine 
division. Invitrogen plans to release in the third quarter of 2007 
“the first feederfree and serum-free defined culture media for 
human embryonic stem cells,” Goswami says. 

Cellars is looking to modify culture procedures for industrial 
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According to Kevin Egan, assistant professor of molecular and 
cellular biology at Harvard University, others have shown that 
nuclear reprogramming during cel fusion can likewise be made more 
efficient by overexpression of nanog in mouse embryonic stem cells. 
“But that doesn’t directly show that nanog is directly required for 
reprogramming in the sense that Yamanaka did,” he cautions. 

‘Sugaya's goal is to develop neural stem cell-based therapies for 
conditions like stroke and Alzheimer’s disease. The process can work 
using fetaltssue-derived neural cells, he notes, “but the availabilty of 
these cells isn't so great.” And in any event, such cells could provoke 
an immune response ~ hence, Sugaya’s interest in autologous, adult 
stem cells. 

Before they can be converted into neural tissue, however, the cells, 
‘must relearn how to be embryonic. “We have to erase the memory, 
the commitment of the cells,” Sugaya says. “Then we have to teach 
them what to become.” 


The Essence of ESC 

‘When Sugayatalks of cellularmemory,heis referring essentiallyto the 
epigenetic changes that occur as embryonic stem cells differentiate. 
All cells contain the same DNA, but embryonic stem cells express 
itferent genestothe more developmentally committed lineages, That 
‘change arises in part due to changes in gene methylation, changes 
which must be reset ifthe cells are to be restored to pluripotency. 

A cell is called pluripotent if it can develop into any of the three 
‘germ layers of the body: endoderm, mesoderm, and ectoderm. 
Ectoderm gives rise to the skin, epidermis, and the nervous system; 
from mesoderm arises heart tissue, Kidney, gonads, conijquou > 


applications. Embryonic stem cells traditionally are passaged 
mechanically, by physically transferring undifferentiated colonies 
into fresh culture dishes. Such a process can be neither scaled 
‘nor automated easily. The company has developed a single-cell, 
‘enzyme-based dissociation method that can be used to maintain 
cells in culture flasks rather than in dishes, without enriching for 
‘chromosomal abnormalities. 

“That means you can get more cells, more easily, and in an 
undifferentiated state,” says Johan Hylines, Cellartis’s chief scientific 
officer. The enzyme at the heart of this approach is TryplE, @ 
recombinant trypsin from Invitrogen. Used to passage cells, trypsin 
typically is of porcine origin, but Invitrogen’s reagent removes that 
‘animal-based component from the workflow. 

BD Biosciences, a segment of Becton, Dickinson and Company, 
focuses on monitoring stem cell differentiation, or tack thereof, 
Embryonic stem cells can form any of the body's 220 or so different 
celltypes, and each one expresses a unique, and largely undefined, 
set of intracellular and surface markers. The company offers 
several thousand antibodies for research use, but according to 
Robert Balderas, vice president of research and development, life 
science research reagents, there currently is no “perfect” marker 
‘or biosignature that defines the pluripotent stem cell, let alone its 
myriad descendents. 

“There is a continual need for the identification of new proteins 
‘on these subsets of cells so that applications like fluorescence 
activated cell sorting can be used to better define, characterize, and 
isolate these cells.” Balderas says. 
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blood cells and vessels, muscle, and connective tissue; and from 
‘endoderm comes the gut tube, plus all the principal organs that bud 
off ofthat, including the liver, pancreas, and lungs. 

‘Adult stem cells, such as hematopoietic or neural stem cells, are 
not pluripotent, because they can yield only a limited number of 
lifferent cell types: hematopoietic stem cells can create blood cells, 
for instance, but not skin. 

According to Leonard Zon, the Grousbeck Professor of Pediatrics at 
Harvard Medical School, "We need to get better at turing embryonic 
stem els intotissues more robustly, and that involves understanding 
how normal embryos make tissues ancl adapting those gene programs 
to the embryonic stem cells in culture.” Researchers at Novocell, a 
stem cell engineering firmin San Diego, used precisely that approach 
In 2005 to coax embryonic stem cells to form definitive endoderm. 

“1 thought that was a breakthrough,” says Johan Hyliner, chief 
scientific officer at Cellartis, a Swedish/Scottish company that 
luses human embryonic stems to derive both hepatocyte- and 
ccardiomyocyte-ike cells, “Endaderm was one of the trickier germ 
layers to grow. Ectoderm and mesoderm are somewhat easier to get, 
but true endoderm has been a challenge until this paper came out.” 

‘As Emmanuel Baetge, Novocell’s chief scientific officer, putsit, the 
trick was to heed the lessons of cell biology. The three germ layers 
‘ae established during gastrulation, occurring in the second to third 
week of human development. “We said, let's see if we can make 
human embryonic stem cells undergo a process like gastrulation to 
make definitive endoderm,” Baetge explains. 

The key was to force the cells to differentiate by both removing 
serum and the growth factors— fibroblast growth factor ane! insulin — 
‘and by adding a protein called activin, Activin is a member of the 
transforming growth factor (TGF)-8 family of signaling molecules, 
‘another member of which (Nodal) helps define germ ayer fate during 
gastrulation. 

Baetge and his team published a followup paper last year 
describing how to push the development even further, to create in 
four discrete steps fetal pancreatic islets ~the insulin-producing cells 
that one day could be used as transplants for type 1 diabetics, 

As with the first study, the key to this latest advance lay in the 
developmental biology literature, by knowing which factors to add, 
and in what order, says Baetge. 

“if you want to work with stem cells, you need to apply 
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Stem Cells 
developmental biology principles,” he says. “They can provide a 
framework in which you should try to operate with these cells if you 
‘want to make defined lineages.” 


‘The Embryo with No Father 

According to Eggan, Yamanaka's technique is one of three “ponies” in 
the race to develop patient-specific cell lines. The others are somatic 
cell nuclear transfer (SCNT), the technique used to clone Dolly the 
‘sheep, and cellular fusion, a technique in which a somatic cel is 
fused with an embryonic stem cell line, thereby sending the somatic 
cell back to its embryonic roots. 

Each has pros and cons, says Eggan. Yamanaka's cells, for 
instance, “aren't really embryonic stem cells" ~ because they are 
neither completely reprogrammed nor express the full complement 
of embryonic genes. SCNT requires human eggs, which are hard to 
‘come by, while with cell fusion, “no one has figured out how to get rid 
(of the embryonic chromosomes,” 

Daley at Harvard is working on yet another strategy: 
parthenogenesis. Literally meaning “virgin birth," parthenogenesis is 
a process in which an eggs tricked into thinking ithas been fertilized 
and begins to develop into an embryo, without the contribution of a 
‘sperm. At the same time, the cell is prevented from completing the 
second round of meiosis that normally occurs, so that the cell ends 
Lup with a diploid chromosome content, all of which comes from the 
mother. 

Ignoring the effects of crossing over, “it’s like taking half a deck 
of cards and then photocopying them to give 52 cards.” explains 
‘Michael West, president and CEO of Advanced Cell Technology, a 
stem cell company that also pursues parthenogenic stem cell lines. 

According to Daley, parthenogenesis, which to date has only 
been achieved in mice, is more efficient than SCNT and requires 
fewer human eggs. In addition, the strategy could theoretically be 
Used to create banks of HLA‘matched cells for use in therapeutic 
applications. 

That's because parthenogenic stem cell tines typically contain 
only half ofthe six HLA loci of a normal diploid cell, “It’s a lot easier to 
‘match patients at three loci rather than six,” says Daley. 

There are, however, a few potential glitches in the system. First, 
parthenogenic embryos could have problems with imprinted genes, 
{In addition, there exists a class of natural killer cells that recognize 
Cells that don’t express the full complement of an individual's MHC 
antigens. Daley suspects this will not be an issue for most tissue 
rafts, but could be a problem for blood tissue transplantation, which 
may require full HLAmatches. 

Despite these advances, all agree it could be a decade or more 
before embryonic stem cell-derived therapies arrive in the clinic. 
Those desiring more immediate benefits can look to the many adult 
stem cell-derived therapies winding their way through clinical trials 
right now, 

\n March, for instance, Osiris Therapeutics announced the results, 
of a phase 3 clinical trial that used intravenous human mesenchymal 
stem cells for repair of cardiac tissue following heart attack. “In 
terms of cel therapy in general.” says Harvard's Zon, “t's likely some 
diseases will be treated by embryonic stem cells, and others by adult 
stem cells. think the science of each field informs each other, 50 it's 
important that both succeed.” 
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Cell Culture Analysis 

The BioProfile FLEX analyzer provides fast, comprehensive analysis for cell culture processing. The 
automated system provides up to 16 cell culture attributes, including glucose, lactate, glutamine, 
‘ammonium, pCO,, pO,. pH, sodium, potassium, calcium, osmolality, cell density/viability, and phosphate 
oF total proteins, This comprehensive test menu provides immediate access to the information required 
to optimize product quality and yield. The modular analyzer can be upgraded for use from research and 
development to manufacturing. can be configured in combinations fram one to four modules, building on 
‘the base chemistry /gas system with any combination of osmolality, cell density/ viability, and phosphate or 
total protein modules. With its ability to consolidate the work of multiple analyzers into a single workstation, 
this analyzer requires only a1 mL sample, to conserve cell culture mass and end product. The siz-minute 
analysis saves as much as 30 minutes per sample over multiple instrument analyses. The system offers 
multiple sampling options, including individual sampling via a syringe/docking device, automated batch 
sampling using a 20-position sampling tray, and online automated sampling from upto four bioreactors, 


Nova Biomedical 
For information 781-647-3700 


wwwunovabio.com 
‘Automated Cell Culture 
The Compact SelecT isan automated cell culture and assay-eady plating 
system designed to meet the needs of medium-throughput laboratories. 
Compact robotics enables it to offer the capabilities of the established 
SelecT cell culture system with a lower capacity and smaller footprint, 
‘only slightly larger than standard Classi safety cabinet. The rolein drug 
discovery of cell-based assays necessitates a supply of many diferent cell 
lines, seven days a week atvariable scales. CompacT SelecT automatically 
manages this entire process. Compact SelecT grows and maintains 
cells from multiple cell ines in T375 flasks in a controlled environment 
(negative pressure laminar air ow), eliminating all possibilty for cross- 
contamination. It counts and checks cell viability before dispensing the 
cells into plates ready for cell-based screening and assay development. 
‘can hold upto 130flasks in atemperature:controlled and carbon 
controlled incubator, enabling the simultaneous culture of multiple cell 
tines, with media dispensed by xo different pumps. Each flask can be 
processed with its own parameters. Output can be either as a harvested 
Cell suspension orn 96-well or 384-well plates. 
The Automation Partnership 
For information +44 (0) 1763 227200 
‘www automationpartnership.com 


Neural Stem Cells and Media Kit 

The ENStem human neural progenitor stem cells come packaged with 
‘optimized growth media and substrates. Derived from National Institutes, 
of Health-registered human embryonic stem cells, the cells provide a 
valuable tool for neural research in various areas, including Alzheimer's 
disease, spinal cord injury, and depression. A separate product, HESCGRO 
is an animal-component-free medium for human embryonic stem cell 
esearch. It has been shown to maintain human embryonic stem cells in 
theirundifferentiated state. The medium is serum-free, ready-to-use, and. 
complete. Media with animal-derived components are subject to wide 
variability and may contain factors that promote differentiation of human 
‘embryonic stem cells, as well as toxic proteins or immunogens, 
Millipore 

For information 800-548-7853 

www. millipore.com 


Multi-Lineage Progenitor Cells 

Multi-Lineage Progenitor Cell (MLPC) clonal cell lines are karyotypically 
normal, multipatent progenitor cells obtained from post-partum human 
umbilical cord blood that have been expanded from a single cell. The 
MLPC has been analyzed for gene expression and been shown to be 
an early progenitor cell capable of extensive differentiation. The MLPC 


Advertisers of Stem Cell-related Products: 


expresses 3 normal phenotype, thus providing a tool for developing 
better diferentiation methods and cell delivery systems. Benefits of the 
cells are that they are clonal fr highly repeatable experimentation, have 
an umbilical cord blood source so involve no ethical controversy, are 
genetically normal nd stable (not immortalized) are highly characterized 
and multipotent. and have robust expansion capabilities without 
<ditferentiating. Applications include disease modeling, in vitro toxicology 
‘modeling, compound screening, cellular therapy, studying developmental 
pathways, and providing an alternative to primary tissue culture. 

Boe 

For information 600-350-6466 

wwnubioe.com 


‘Sample Storage at Room Temperature 

‘A new room-temperature sample storage system eliminates the need 
for keeping biological samples cold or frozen. The system includes the 
‘SampleMatrix dry storage medium, SampleGard sample storage and 
transportation system, and SampleWare organizational and retrieval 
software. Together, these products allow biological samples tobe stored, 
transported, and recoveredat the bench without the needfor cold storage. 
Liquid samples are added to the well or tube that comes preloaded with 
‘SampleMatix. This dissolvable polymer forms a protective seal around 
the sample as it dries, essentially shrink-wrapping the DNA, RNA, cell, 
protein, or blood sample. Samples are recovered by rehydrating for 15 
minutes, and can be used immediately for transformation, polymerase 
chain reaction, transfection, sequencing, genotyping, or whole genome 
amplification without further purification, There is no loss due to freeze 
thaw damage. The SampleGard system features a 96well plate that 
‘comes preloaded with SampleMatrix medium, so it is ready to use in 
high-throughput applications. 

Biomatrica 

For information 858-550-0308 

worncbiomatrica.com 


‘Neural Stem Cell Medium 

Serum-free Stemline Neural Stem Cell Expansion Medium is optimized 
for expansion of human neural stem cells. Designed to support research 
in the area of neurodegenerative diseases such as amyotrophic lateral 
sclerosis, ithas shown promising results in animal models. In order to be 
regulatory friendly, the formulation is entirely animal-component-free and 
ready-to-use, requiring only supplementation with an appropriate growth 
factor cocktail (which is not included). The elimination of serum reduces, 
performance variability and safety risks. Neural stem cells cultured in this, 
‘medium yield a healthy, high-density population of cells that maintain 
their differentiative capacity. 

Sigma-Aldrich 
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66 The ability to work well 


inateam is the No. 1 skill that 


industry employers look for. 99 


Transferable Skills 


and Portable Careers 


With academic jobs scarce, postdoctoral fellows must develop skills that will make them competi: 
tive for jobs beyond the university setting, but even those who go on to academic careers can 
benefit from learning the skill sets that industry demands. By Christie Aschwanden 


uccess in today's job market requires more than just solid lab skills and a stack of pub 
lications. Whether seeking tenure-track academic jobs, industry research positions, or 
nontraditional science careers, many job seekers are finding that a well-honed pipette 
thumb is not enough to land them an offer. “I don’t know anyone who's gotten a job 
who spent their postdoc at the bench the whole time,” says Crystal Icenhour, who was re 
cently hired as vice president and director of research at IDX Labs, a startup in Charlottesville, 
Virginia, 

Postdocs must develop skills beyond the laboratory if they're to be competitive in the 
Lightening job market, says Icenhour. Where nonacademic jobs once required skills that did 
‘not carry over to academia, that’s not necessarily the case these days, says Gregory Kopf, who 
spent more than two decades at the University of Pennsylvania before moving to Wyeth Research. 
He has since returned to Penn as an adjunct professor. “When I first started in academia, the train: 
ing skil sets were very different for industry and academia, but the lines are starting to become a 
{ot more blurred," says Kopf. “Leadership, project management skill, the ability to develop goals. © @ When you get toa 
and manage budgets and your lab—these are skills that are just as important for academia as for 


industry.” postdoc, there are 
The ability to work well in a team is the No. 1 skill that industry employers look for, says Neil 
Stahl, senior vice president of research and development sciences at Regeneron Pharmaceuticals virtually no rules. 99 


in Tarrytown, New York. “You have to be able to sort through issues and communicate effectively 
inanonthreatening way.” 

Academic scientists also need team skills so they can work effectively on committees and form 
successful collaborations, Running a lab or working on a research team both demand strong inter 
personal skills and diplomacy. “You have to be able to say the right things without antagonizing 
your colleagues, and that's a skil that many postdocs don’t have,” says Chee-Keng Ng, a principal 
research scientist at Wyeth Biopharma in Andover, Massachusetts. “We need people who can fit { UPCOMING FEATURES 
into the teamwork culture.” 

Whether the goal is to secure NIH funding or to sell the corporation on a novel idea, success 
hhinges on the ability to communicate, “How you package and present your data matters,especially | Facus.on Diversty — May 11 
ina large company,” says Ng. “You need to be able to communicate well, especially to people who | Regional Focus: NC/RescarchTiangle — June 8 
aren’t as expert as you. You have to be able to explain the science to the manag. 


Blotech and Pharma — April 27 
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ing director on the project,” says Stahl. 

Project management is another skill n high demand, “Inacademia, 
you have to manage your research so you're competitive for the next 
fundling round. In industry. you have very tight timelines, and you 
have to manage your project so you can meet those deadlines,” says 
Kopf. Meeting project goals requires effective management of peo: 
pple and time, yet many postdocs don’t recognize the importance of 
honing management skills until they start sending out their resumes, 
says Philip Clifford, associate dean for postdoctoral education at the 
Medical College of Wisconsin in Milwaukee, 

“When you get to a postdoc, there are virtually no rules,” Clifford 
‘says. Many postdocs lock themselves in the lab and hope that their 
toi will payoff in publications that lead to the job they want. "People 
feel that they need to do project alter project and publish. publish, 
publish,” Clifford says, but he suggested that they need to develop 
Skills beyond the bench too, even ifit means getting out of the lab. 


Charting a Path 

From the start, postdocs should identify the skils they need to make 
themselves marketable in their chosen career path so they can maxi- 
mize their training, and the sooner the better, says Clifford. "We pro- 
pose that people go through a self-assessment process to identify 
their own values, skills, and interests and then look at the potential 
Universe of jobs that fit those,” he says. ScienceCareers.org, a web- 
site offered by AAAS (American Association for the Advancement of 
Science) and books like Cynthia Robbins-Roth’s Alternative Careers 
in Science: Leaving the Ivory Tower are good places to start. “Do 
‘some informational interviews with people in the career path you're 
interested in and find out what skills they use, then figure out what 
you need to do to get them,” says Clifford. Some institutions em- 
ploy career counselors that specialize in science. For instance, the 
Medical College of Wisconsin has hired a career adviser specifically 
to work with postdoctoral fellows and medical students. 

Robert Tillman, postdoctoral program coordinator at New York 
University School of Medicine, advises budding scientists to create 
‘an individual development plan (IOP). through a process like the one 
‘developed by the FASEB Training and Careers Committee (opa.faseb. 
org/pdf/idp.pd). Creating an IDP involves a four-step process to 
Identity a well-suited career path and formulate a plan to achieve it. 
Tillman's institute has adopted IDPs as part of its postdoctoral hand- 
book. “it’s a way to focus my strengths and weaknesses in relation 
to my goals,” Tillman says. “I'ma postdoc and in four years | want 
to become faculty, what do I need to doto achieve that? How do I get 
there?” An IDP provides the roadmap for getting from a postdoc to a 
dream job, 

Some postdocs expect that they will try fora tenure track research 
position and, ifthat doesn’t work out, then they'll think about a plan 
B. But this type of approach sets postdocs up for failure, says Clif- 
ford. “Keeping your options open is exactly the wrong approach. 
You'te not really doing the things that will direct you toward a spe- 
<iffe career." There simply aren't enough tenure-track positions to go 
‘around, so postdocs should have an alternate plan in place from the 
start, liford says. 

Many postdocs tell themselves that ifthey don’t land ajob at a top 
research institution, then they'll just apply for a teaching position. 
But that’s a mistake, too, says Clifford, because teaching-oriented 
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“Keeping your options open is 
exactly the wrong approach. You're 
not really doing the things that will 


direct you toward a specific caree 
—Robert Tillman 


universities want peo- 
pple with proven teach- 
jing skills. “Wf your 
goal is to work at a 
teaching institution, 
you need to figure out 
how to get that expe- 
rience,” he says. Regardless of what career path you hope to fol- 
tow, "you need {0 identify the skill sets that are necessary for that 
career option, and figure out how you're going to get those,” says 
Clifford, Someone seeking a job in biotech, for instance, might con: 
sider a business course or even an MBA, he concludes. 


Lisa 
Kozlowski 


Managing to Learn 
Bench shill are just one component of a successful science career, 
yet they've long been the focus of graduate and postdoctoral train: 
ing programs. “Whether you run your own academic lab or take a 
position at a company, learning how to manage people, projects, and 
budgets are necessary skills, but traditional graduate and postdoc- 
toral training do not offer formalized courses in these topics,” says 
Garth Fowler, outreach program manager for ScienceCareers.org. 
But that’s changing as AAAS, ScienceCareers.org, and other organi 
zations step in to fill the void with courses and workshops devoted 
to these topics. 

‘in 2002 and 2005, the Burroughs Wellcome Fund and the How: 
‘ard Hughes Medical Institute partnered on a course to teach labora- 
tory management skills to postdocs and beginning faculty members. 
Though the course's focus stood squarely on the needs of the aca: 
demic scientist, many ofthe skills taught, Such as time management, 
project management, collaborations, and mentoring. carry over to 
nonacademic jobs as well. Organizers have turned the course into a 
‘book, Making The Right Moves: A Practical Guide To Scientific Man- 
‘agement For Postdocs And New Faculty avaitable for free from the 
HHMI website (www.hhmi.org/resources/labmanagement). 

4m 2005 organizers of the BWF/HHMI program put on a “train the 
trainers” course in an effort to encourage similar programs at in- 
stitutions across the country. “They wanted to spread the wealth,” 
says Lisa Kozlowski, assistant dean for postdoctoral affairs and 
recruitment at Thomas Jefferson University (T]U) in Philadelphia, 
Kozlowski attended the course and then, with support from AAAS and 
ScienceCareers.org, collaborated with three other Philadelphia-area 
institutions to develop a lab management course for postdocs from 
all four institutions. 

A total of 55 postdocs enrolled in the Philadelphia Scientific 
‘Management Course, which is ongoing and split into four sessions 
spread over five months (www.tju.edu/JCGS/postdod). Topics in- 
clude leadership skills time management, project continued » 


www sciencecareers.org/businessfeatures 
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BECAUSE 


Our CAUSE is Natasha and her rheumatoid arthritis. 


For more than 30 years, Genentecty Research a Postdoctoral position at Genentech's South San Francisco facility. 
hhas been at the forefront of the 

biotechnology industry, using 
human genetic information to 
develop novel medicines for serious 
‘and life-threatening diseases. 
Today, Genentech (s among the 
World's leading biotech companies, 
with multiple therapies on the 
‘market for cancer and other unmet The Postdoctoral Program has become one of the strongest research assets at Genentech. In 


Gonentech’s Research Organization features world-renowned scientists who are some of the 
‘most prolific in their fields and in the industry. Genentech researchers have consistently 
published at a rate of 150+ papers per year and have secured over 6,100 current, non- 
expired patents worldwide (with 8,400 more pending). Genentech's Research Organization 
combines the best of the academic and corporate worlds, allowing researchers not only to 
pursue important scientific questions but also to watch an idea move from the laboratory 
Into development and out into the clinic: 
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medical needs, Corder to continue discovering, developing, manufacturing and commercializing biotherapeutics 
‘and small molecule therapies for significant unmet medical needs, Genentech depends on 

Please take this opportunity to attracting and retaining top scientific talent, including promising postdoctoral fellows. 

tearn about Genentech, where we 

believe that our employees are our AS @ Genentech Postdoctoral Research Fellow working in either Research or Development 

most important asset Sciences, you Would find yourself collaborating with world-class scientists both at the company 
‘and beyond Genentech’s walls. Our fellowships typically last three years and otfer the chance 

Genentech is dedicated to fostering _to do cutting-edge research in an inspired, purposeful and resource-rich environment. Through 

{an environment that is inclusive ‘ut the program, you would be encouraged to present the progress and results of your work 

‘and encourages diversity of thought, both internally and externally. As our many Postdoctoral Program alumni can attest, the 

style, skills and perspective. program offers an unrivaled oppertunity to put yourself at the forefront of science. 


Genentech is an equal 


ur progressive Postdoctoral Research Fellows salary and benefits package includes full medical/ 
apport angie: (Our progressive Postdoctoral Resaarch Fellows salary and benefits package includes full medical 


dentalvision care, three weeks vacation, stock purchase plan and health club membership. 


To read commentary from current 
and past postdocs and for a 
listing of current postdoc 


‘The following opportunities exist in our South San Francisco Headquarters: 


Protein Chemistry, Reg. 1000014182 
‘Molecular Oncology, Reg. 1000015084, 1000015279, 1000016828, 1000018325 


opportunities, please visit Tseve Growth and feat; Reg, 1000018201 
ttp-/vew.gene.cony ‘Tumor Biology/Angiogenesis, Req. 1000016822, 1000016884 
gene/researclvpostdoctoral and Molecular Imaging, Req. 1000016254 
www.gene.conveareers. Pratein NMR Group, Req. 1000017874 


yy 
semen y Genentech 


ScienceCareers. 
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MADRID INSTITUTE FOR ADVANCED STUDIES 
INSTITUTO MADRILENO DE ESTUDIOS AVANZADOS. 


The madrid Institute for Advanced Studies invites 
outstanding doctoral students, postdoctoral 
researchers, and research group leaders to apply for 
a number of tenure track and tenured positions in the 
following scientific areas: 


Applied Mathematics 


Nanotechnology 
Network Technologies: 
Materials Science 
Social Sciences 
Software Development 
Water 


Starting April 27th all those interested should fill out 
and send an online application form with their attached 
résumé. For futher details about IMDEA and this open 
international call please refer to www.imdea.org 


THE UNIVERSITY OF 
ALABAMA AT BIRMINGHAM 


Postdoctoral Positions 


‘The University of Alahamna at Birmingham (UAB) is ane of the premic 
research un ‘the US with internationally recognized pr 

is, bone biology and disease, 
diseases, 


velopment of outstanding postdoctoral si 
‘consistently ranked in recent years as one ofthe 
sities for training postdoctoral scholars, 


-andidates for posidoctoral positions in a variety 
UAB faculty are well funded (20* in 2008 NIN 
funding) utilize multidiscipinary appwoaches, and provide excellent 
research that an Jead exceptional candidates to 
othe private sector. Full 
competitive salaries stipends, sick 
offered with every 
position Depe ‘other benefits may 
be available. Birmingham is a mid-size city centrally located in th 
southeast near beaches and mountains and enjoys a moderate elimate 
nd outdoor activities and a cost of living rate lower than 

‘most metropolitan areas 


Visit our web site at wwn.postdocsuab.edu, under Postdoctoral 
‘Opportunities to view posted positions. Send your CV and cover liter 
Wo the contact name for those positions for which you are qualified and 
Which interest you. University of Alabama at Birmingham, Office 
‘of Postdoctoral Education, 208-978-7020 


UAB isan Equal Emplonmem Opportunity Emplover. 


UNIVERSITY OF 
CAMBRIDGE 


www.cam.acuk/jobs/ 
‘Aworld of opportunities 


Broodbank 
Fellowship 


Department of Plant Sciences 


The Managers of the Broodbank Fund invite applications 
for a Postdoctoral Fellowship to be held from October 2007. 
The tenure of a Fellowship is 3 years and the salary is within 
the University Research Associate scale £24,402-£31,840. The 
successful candidate will also receive an annual allocation 

for consumables 

The Broodbank Fund is dedicated to research in Biochemistry 
6 Biophysics with special reference to the principles and 
practice of food preservation. These terms will be interpreted 
to.cover fundamental research including molecular processes 
Project proposals must fall within this area 

Full details are available from Mrs Virginia Mullins, Secretary 
to the Head of Department, Department of Plant Sciences, 
Downing Site, Cambridge. CB2 3A 

Email vm207@cam.ac uk 

Completed applications must be received by Friday 11th May 
2007. 


NATIONAL RESEARCH COUNCIL 
(OF THE NATIONAL ACADEMIES 


Research Associateship Program 
Postdoctoral Research Awards 
Senior Research Awards 
Summer Faculty Fellowships 
Davies Teaching Fellowships 

offered for research at 
US government laboratories 
and affilited centers 


Opportunities for postdoctoral and senior research 
in all areas of science and engineering 
+ Awards for independent research at over 120 patcipati 
espe participating 
+ 12morth awards renewable for upto 3 years 
+ Anrusl stipend $38,000 to $85,000- higher for senior researchers 
+ Relocation, professional ravel heath insurance 
+ Annual appkcation deadines Feb. 1, May 1, ug 1, Nov. 1 
Detailed program information, including instructions on 
how to apply, is available onthe NRC Web site at 
wwv.national-academies.org/rap_ 
‘Questions should be directed to - 
National Research Council 
TEL: (202) 334-2760 
E-MAIL: rap@nas.edu 


icants wil be reviewed without regard to race, 
‘calor, age, sex oF national ongin, 


uated 


A t 


‘THE NATIONAL ACADEMIES 
\ ‘es ln Si lg dnt y) 


management, funding, mentoring, and landing a faculty position. 
Vera Hintz, a postdoc in T]U’s department of dermatology, is attend- 
ing the course and says it prodded her to look for opportunities to 
gain skills that will enhance her resume. When she looked at job ads, 
she saw that many wanted experience planning meetings, so she 
volunteered to help plan TIU's postdoctoral research symposiums. 
Hintz says the course has taught her to view her career as a project 
that she needs to manage, rather than just something that simply 
unfolds on its own, 

Laboratory management courses like TIU's are becoming more 
common. Last November, the New York University School of Medi- 
cine, also with support from AAAS and ScienceCareers.org, put on 
a two-day workshop, Management Skills for Scientists, open to 25 
people. "We wanted it small so it would be interactive,” says Till: 
man of NYU. Postdoc Marie-Héléne Delmotte attended the course 
and says it helped her recognize that her lab skills alone might not 
be enough to land her the position she wants. “My resume is good 
but | realized that | need more to find a job. | need to know myself 
and kniow how to sell myself" Delmotte says the program helped her 
tunderstand the importance of developing short-term and long-term 
goals for her career, Instead of focusing solely on her research, she is, 
putting energy into mentoring, an effort that wil pay offin a skill she 
can add to her resume. 

The management course is just one way Tillman's institute is pro- 
moting career development. The school’s office of learning and de- 


Careers for Postdoc Scientists 


“We use Lab Act to allow stu- 
dents to try out different solu- 
tions without putting anyone 
on the spot.” 

—John Galland 


NYU's Funda- 

mentals of the 
Biotech Industry 
Course 


John Galland. “We use Lab Act to allow students to try out different 
solutions without putting anyone on the spot.” 

Inaddition to the summer program, LMI offers a year-long program 
for postdocs. “I'm impressed at how effective it has been to watch 
the actors role play,” says participant Tamara Holst, a postdoc at the 
Public Intellectual Property Resource for Agriculture. “It’s almost un: 
canny how well the scenarios translate across different labs, and the 
way to defuse a situation is usually similar across the board.” 


velopment offers courses on topes ranging, | -=<—<$<$ $$ 


from how to give an effective presentation 
to managing conflict and running meetings. 
Tillman says that NYU also helps about a half 
dozen ofits postdocs enroll ina 16-week Fun: 
damentals of the Biotech Industry course at 
the Center for Biotechnology, a state-funded 
center created to support the region's grow: 
Ing biotech industry, 


‘Acting the Part 
Of all the laboratory management courses 
that have sprung up, perhaps the most in: 
novative is the Laboratory Management In- 
stitute (LMI) at the University of California, 
Davis. The institute holdsa three-week inten 
sive program divided into five courses: lead 
1 management, best practices, men: 
toring, and innovation. Participants come 
from a wide range of disciplines and receive 
certificate and 14 credit hours through the 
UC-Davis extension. 

‘The program’s hallmark, Lab Act, employs 
professional actors to play out the concepts 
explored in the course. Instructors discuss 
strategies for handling management issues, 
then actors play ut scenarios that workshop 
attendees anonymously submit. Participants 
discuss what happened and work on new 
solutions that the actors then try out. “We're 
all about practicing,” says LMI director 


‘American Associaton for 
the Advancement of Science 
wow. a9as.018, 


1OX tabs 
wow idalabs.com 


Medic 


| College of Wisconsin 
worm mewedu 


NYU School of Medicine, 
Sackler Institute of Graduate Biomedical 
Studies 
wwrw.med.nyu.edu/ sackler 


NYU Schoot of Medicine, 
‘Skirball Institute of Biomolecular Medicine 
‘worn. saturn.med.nyu.edu 


Public intellectual Property 
Resource for Agriculture 
wer. pipra.or 


Regeneron 
vewwregeneron.com 


Thomas jefferson University. 
Jefferson College of Graduate Studies 


woe jefferson.edu/jegs 


University of California, Davis 
worwucdavis.edu 


University of Pennsylvania 
www.upenn.edy 


Wyeth Biopharma 


worm wyeth.com 


wwwsciencecareers.org/businessfestures 


Taking the Initiative 

Formal programs like LMI's are not yet the 
norm, but even without them, motivated 
postdocs can find ways to develop useful 
and necessary additional job skills. cenhour 
of IDX Labs made her resume stand out from 
the rest by getting involved in the postdoc: 
toral associations at the Mayo Clinic in Roch: 
ester, Minnesota, and at Duke University 
where she did a second postdoc. She also 
joined the board of National Postdoctoral 
Association and credits this experience with 
teaching her the skills she needed to land 
her current job as vice president and direc: 
tor of research, 

“My NPA experience really emboldened 
ime,” says Icenhour. “As a board member of 
NPA you're reviewing the employee hand- 
book, revising budgets, and running commit- 
tee meetings. The experience introduced me 
toalot ofthe things doin my daily work life 
now.” Not every postdoc has the luxury of 
enrolling in an institute-sponsored program 
like Lal, but as Icenhour’s experience illus: 
trates, motivated postdocs can create their 
‘own opportunities to learn skills beyond the 
bench if only they would step out of the lab. 


Christie Aschwanden isa freelance writer 
and editor living in western Colorado. 
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CALIFORNIA INSTITUTE of TECHNOLOGY 
Broad Fellows Program in Brain Circuitry 

The California Instte of Technology is looking 
for a fw outstanding sccntias from any relevant 
backgrounds to sudy how networks of neurons Be 
fie to peresption, memory, emotion, and behavior 
{We encinrape applications fom inlvicals employ 
ing genetic mampulations in relevant anal moxie 
sistem clctrophysiologcal recordings, Rancid 
{maging, and computational analyser and related 
tools Broad Fellows. are independent researchers 
‘ho have recently received thelr PhDs They wil 
receive intemal funding fora group of up to three 
pple (up to $130,000 indirect cons per year per 
Feil) Phe inital appotnsment i for thee year, 
with the pouibilty of reiewal for ewo more year’ 
Excellent salary (870,000 per year) and. bench 
Applications should incluge curriculum vitae, 3 
sttement of rearch pln, and three leters 
Commendation. This mater should be submited 
‘line at website: hte: //ww road fllows-caltech. 
fed or by e-mail; heather@iab.caltech ed by 
May 1, 2007. 

Caheth a Egusl Opportelty/Afirsire Acton 
Lmpley Woe, mieten einen, ed Saknd poems 
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‘TWO POSTDOCTORAL POSITIONS 
in Cellular Microbiology 

‘wo Postdoctoral positions are avaiable imme 
iately vo atady molevular pathogenic and cla 
Ise microbiology of the two Intracelulae backers 
Legions pneumophila aod Francia ¢alarens 
af een exhale wth apn 
sail ology or cellular microbiology. Send wurde 
tum sta an range for thee Feferences to be 
Sct to Des Youset Abu Kwak Department of 
Microbiology and faumunology, University of 
Louisville Health Sciences Center, Room 412A, 
Louise, KY 40292. E-maik abukwak@touinille. 
cela, Untenty of Lima & a yu Opry 
Enmplayr 


A POSTDOCTORAL POSITION is ssile 
at che University of Massachusetts 

highly motivated scentist 10 
explore functions of intracelular Ca2+ stores arnt 
‘CALL syns fy frechly sola terminals of wa 
nocellolar and hippocampal newroos, Expertise 19 
patch clamping ie desiable ‘and capericnce with 
fnolecular biology isa plus. We use beth approaches 
combined with high-speed, high-resolution Cal 
Imaging which applicane can Jearn here. The main 
requirement iva keen interest in the questions bem, 
‘cence To sph end cura a an re 
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fro siions OPEN 
U) Novartis 


NOVARTIS INSTITUTES. 


‘Novantis lastitutes for BioMedical Research (NIBR) 
hae a sancry of Postdoctoral postions in biology, 
chemistry, and computational Sciences that provide 
excellent training in research and expen to science 
tna pharmaceutical sting, 

The NIBK Presidential Postdoctoral Fellowships 
provide talented sents with the unague oppor 
fity to conduct ianovative,entrdiscpinary esearch 
At one of our sven global sites (Basel, Swiezerlana 
Cambekige, East Hanover, and Emenville, United 
States; Honham, United Kingdom; Tsukuba, Japan, 
‘Vienna, Austria). resafental Fellows have 4 NIBR 
mentor and an academic mentor, and develop their 
Projects in consultation with both mentors. Ph.D, 
Students in the last year oftheir doctoral research, as 
‘well as postdoctoral fellows. within three years 
‘bvaining their PhD, ae cligible to apply. Applica 
tons are acexpted on 3 rolling bas, and. 

fo a maximum of three years. To pp 
page at website: http;//nibr.novartis.com/ 
Carcers/Poxtdoe fellowship /index shtml. 

The NIBR Postdoctoral Fellowships support ta: 
‘ented scientists on cutting-edge projects that igh 
‘nate within departments 3 NIUR AS they beceme 
salle, the pc pets apt wh te 
cligiiity regutrements at website: ht 
ren ona cer pbouncn boner a: 


‘Nive i a Lipa OpperttyKimpley somite te 
combing and kenge dowre hurl Marti 
Fmaka pono with dah, rea 


POSTDOCTORAL POSITION 
Fox Chase Cancer Center 
Philadelphia, Pennsyivania 

A Pontdostoral position is available at the Fox 
‘Chase Cancer Center (Phillis, Penny hana) 
Sdyrumic borat fossa on nderatnaing he 
pathogenesis of tuberous schon complex Our 
Ttoratoryuics bshemical approach, cll 
‘logy, sod yest and Drowplals made (website: 
inp /w- feel /eesearch/phd/herabe). os 
Chie fc's National ‘Cancer tnuetute deagnated 
‘comprehensive cancer center with 70 rescarch a 
‘atone ad wate-ob the-art core facies. The Cet 
fers miroament ts high interacine aod collegial, 
Sint pentdostorl waning cones among 
the Rest im the ceuvary. Candis ahold have 
PRD ce MLD THD and ssn bachgpeid in cell 
snnl/or midevue ogy. Permanent US reer 
roguired. Pease scl 3 ener Krter ety tain 

por ck capercice and yout SNe Hn as 
Ponion,togsthor with curnokim sic and contact 
{emacs oe de cerns to: De East Pett 
Horske, Fox Chase Cancer Center, 333 Cotman 
Aveve, Philadephia, PA 19111 E-aaik dizabeth, 
inenskebfesced for Chor Can Cot a pial 
Opprity Emre 


POSTDOCTORAL SCIENTIST, GENOMICS 

Prognosys Biosciences is seeking exceptional, 
highly motivated individuals to lp develop and 
apn inaovative microarray basal technologies for 
{genomics. We are a startup company where every 
person iva key cmployce. We offer an excellent ber 
hits package, great opportunitics for career devel 
‘opmcat, and ownershyp in the company 

See website: hn ysbio.com 
Repheematan eee 

lease cma your resume and cover ktter 
email com. Prognosys Bio- 
Sciences, Incorpor ‘Boulevard 
South, Suite 310, La Jolla, CA 92037. Lat 
Opporieary Empey 
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INSTITUT PASTEUR 


POSTDOCTORAL FELLOWSHIPS 
Institut Pasteur, Pars, France 

Foun in 187 by Lois Pastor an locate in 
the heart of arg, the lnwat Pastcur fs 2 wor 
‘enowned private rscch onanieation, The Pasta 
Founiaion of New York k secling’ oustanding 
Felony Appin. Cant may apy tan 
Laban’ wien ten department: Cel Resony ad 
Instone DeveeyennseaHedogyt Genomes and Ge 
‘etic murs nce ad Hywel 
{roby Ncoressnes; arise at Myo 
Strand Bog and Chom; a Virgo 
rene or doo 

Felowshup package i for a tora of thre yar 
US caierwlip roped Ths basal Ca Went 
nyc deadline: September 7, 2007. 

Eenal:parteuruv@ool.com. 

Website! ha /wwwpasturfoundation ong 


RESEARCH ASSOCIATE/POSTDOCTORAL 
FELLOWSHIP. 

A Posuloctoral position is availabe immediate in 
the Laboratory of Dr. Ick Neubig in the Depart 
‘scat of Pharmacology, Univeraty of Michigan, Ann 
‘Arbor, to study the tole of RGS protein i adipene 
tissue’ finction and carbohydrate metabolism 
mouse models (Mel. Cel, Biol, 26: 68709, 2004 

Ze 9%: 659-66, 2006). Highly morivated 
arc encouraged to apply. An M.D. and 
fn an appropriate disiphine is rs 
‘tong backyyound in goal transaction and espe: 


encubig@umicheda oe Richard Neubig, M.D. 
Ph.D., Department of Pharmacology, 1301 MSR 
I, PO, Box 0632, Ann Arbor, MI 48109, 

The Cierny of Mulgan se a pal porn 
Afi aon Linplyer 


POSTDOCTORAL FELLOW 
A Postdoctoral rescirch penitan is avaiable imme 

dliely for a iva interested in studying, bio 

themity of DNA helices ane palbmerascs, The 

projets cle thermody nani i 

udbes ofthe eney mcs in soliton, wing. 


PhD. in chemise, biochemistry, oF rei 
and have seme epee chee hnto ano 
‘orescence specrocopy, Messe atic curicuam 

tae arn nates he reference: De, Wlodeck 
Bujalowshi, 301 University Boulevard, Depart 
tment of Biochemistry 4nd, Molecular Biology, 
Route 1068, Galveston, TX 77558-1068; e mal 
‘whujaloweutibed, telephone: 409-772-1382, 
The Cateye Teas Modal Bm ian Lgl Opp 
ttnty/Aiirioe Aon Caper 


POSTDOCTORAL SCHOLAR 
‘TWO POSTDOCTORAL POSITIONS 
University of California, Berkeley 

Portions are avilable after June 1, 2007, at the 
University of Califomia, Berkely, to conduct research 
‘on: (1) molecular function and regulation wf secre 
tory factors (including geet-1 and adipocyte spec 
scctetory factory/tesistin) that contr. adipocyte 
Shiferentation, and onel adipocyte specie eaves 
fn tighceride metabolam, (2) heemonal/mutnonal 
regulation of Fipogeni gene transcription. Ph.D) 
faust have been received within the hit five ye 
Salary range: 
vitae to Dr. Hei Sook Sul 

Department Nutr 
‘cology, University of California, Berkeley, CA 
94720. 

Appin deliv Joe 1, 2007. The Unie of Ca 

‘ones an El Oppo, Amati Aton Empey 
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Searching for 
Information on 


Career Trends? 


Don’t miss Science's Career 
Features for the latest in 
career reports and practical 
advice. 


UPCOMING FEATURES: 
April 27: Biotech and Pharma 
May 11: Focus on Diversity 
June 8: Regional Focus: NC/ 


Research Triangle 


Also available online al 


www.sciencecareers.org 
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POSTDOC Secor 
poate 
‘THE HANS CHRISTIAN OERSTED sco teat 
‘erroat and ie 
POSTDOC PROGRAMME Fler Doc 
Fieri Rese 
DTV invites highly talented young researchers who have already buyer aso! 
obtained outstanding resus during their PRD studies and have SeenCanteand 
demonstrated excellence and potential in the field of study Reseacn musta 
to apply forone the stipends under the HC. Oersted Postdoc Tana bumed 
Programme. The programme is named after the founder ofthe preva’ s ae 
‘university, H.C. Oersted, whe discovered Electromagnetism. _nadonaplatarm 
Saenann 
The ful text ofthe announcement can be seen on DTU's Sareregn 
homepage at www.dtu.dk/vacancy. Applications must be based Seams Ov 
Gn the detats of the ful ext announcement sstcaton such, 
Seceont ne 
comete be 
Further information can be obtained from Dean of Research meta Wt nave 
fistan Stubkjn f-maforskringsdekan@adm du Few sta and 
estan Stuer (-mait orskningsdekanGadm cud). ieeenes 
Application deadline: June 27* 2007 at 12.00, Tensonatn 


‘ead more on www.dtu.dk/vacancy 


Postdoctoral Positions in Parkinson's Di 
and Peripheral Myelination Research 


McLaughlin Research Institute is small non-profit research onganization near the east slopes of 
the Rocky Mountains is Great Falls, Montana, and provides an outstanding environment to train for 
a carver inmammalian genctics. Applicants for these positions ned to provide evidence of publica 
tions in North American and European journals and Auency in English. The successful applicant will 
have the potential to obtain their own funding. Refer to www.montana cau wwwnri for additional 
information about the following research programs and McLaughlin Research tnstit 
Parkinson's Disease Research 

A postdoctoral postion is available i laboratory of De, Deborah Cabin to study (1) mouse neu 
rodegenerative discase caused by alpha-synuctein or (2 ha-synuelein 
Alpha-symuciein waste first gene ientified as causing a familial form of Parkinson's ds 
expressing mutant human alpha-synuclein develop a lethal motor neuron disease (C 

Newobiol of Aging, 2008). Ove focus of the lab isthe mechanism by which alpha-synuclsin 
thismotoe ncuron axonopathy. We are also analyzing PAC alpha-synuclein transgenic miceta develop 
a mouse made! that beter recapitulate Parkinson's discase. The normal function of alpha-synucli 
‘snot well understood, and thus its contribution to Parkinson's disease cannot be assessed. Although 
alpha-symuclein knock-out mice are healthy and live a normal lifespan (Cabin et al, J. Neurosci 
2002). the protein may be most important during tess conditions. Genetic approaches to investigate 
alpha-synuclein’s normal function iacide an ENU sensitization screen to identify pathway’ in which 
the protin is involved and microarray analysis, Willingness to work with mice is requied, 
Molecular Genetics Of Peripheral Myelination and Axon-Glial interactions 

A postdoctoral position is available to study the molecular genetics of peripheral myelination and/or 
‘neuronal differentiation inthe laboratory of Dr. John R. Bermingham, Jr. Myelin i required for 
the rapid conduction of action potemats its importance is evidenced by the debilitating effets 
of myelin diseases. However. dhe anon-glial interactions that result i the formation of myelin are 
incompletely understood. We have found that Le, a protein that is accreted by Schwann calls is 
required for peripheral myelination (Bermingham et al., Narwe Newrscience 9:76, 2006), The 
function of Li protcins is not known, and a current focus ofthe lab isto identify its interacting 
protcins and downstream effector molecules using genetic and biochemical techniques. We have 
received NINDS and private funding for this work 


‘To apply, state clearly the program to which you wish to apply, send your curriculum ¥ 
SMatement of rescarch iatress, and the names and caniact information including email addresses 
of at least three individuals whem we may contact for references to: Training Office, McLaughlin 
Rescarch Institute, 1520 23” St. S, Great Falls MT 59405; tga po.mri.montana.edu, 


ScienceCareers. 
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ScienceCareers.org 


POSTDOCTORAL OPPORTUNITIES 


NATIONAL RESEARCH COUNCIL 


(OF THE NATIONAL ACADEMIES 


The Walter Reed Army Institute of Research wi 
offer an NRC Research Associateship a 
study of path 

for development of new vaccines, Tissue culture and 


ard for the 


nic mechanisms of Shiv 


animal models are used to assess the interface 
between mucosal pathogens and M cells using 
Shigella species as a model pathogen. Strategies for 
evaluating mucosal delivery and presentation of 


antigens are focused on novel la subunit 


vaceine and adju yma 
estab 


path 


hing correlates of immu 
ns, such as Shigella. Applic 


1 Ph.D. and a strong 


background in cell biolog: 


immunology, and mic 


biology 
Prospective applicants should send CV. research 
interests, and names of three references to 
Applications must be submitted online directly to the 
NRC. Instructions 
www.national-academies.org/rap 


Questions should be directed to: 202-334-2760 


how to apply are at 


rapiainas.cdu 


THE NATIONAL ACADEMIES 
Mars the Nalin Sn, Eger od Medic 


Post Doctoral Opportunities 


MRF, a private, non profit research institute, provides 
state‘of-the-art core facilities and a relaxed, interactive, 
yet rigorous research environment. OMRF ‘is home to 
World-renowned scientists and numerous biomedical 
accomplishments. Research at OMRF focuses on. the 
basic science of human disease: arthritis & immunology, 
‘cardiovascular biology, neuroscience and molecular cellular 
biology. 


in an era of new growth, we seek innovative and talented 
post doctoral applicants with the ability to independently 
Gevelop projects and analyze experiments. Directly related 
experience not necessary. Completion of PhD within the 
last two years and first-author publication in internationally 
recognized Journals preferred. 


Join & enjoy: 
* close scientific interactions & collaborations 
+ modern laboratories, 

+ outstanding core facilities 

+ comprehensive benefits package 

+ low cost of living 


Please visit www.OMRF.org for specific 
career opportunities & more information, 


QOMRE 


Oklahoma Medical Research Foundation 
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FACULTY 
POSITIONS 


Department of Hematology 


oti Member kvl wih ei 
ny The eh fal 
ie clini esearch ia sickle cell 


sot why hive documented potential or ronen tack 

‘NHL ua 
pee they pats, NHL unde 
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Dict apron nology 
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52 Noth Landerdale 
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— Department of 
Biological Sciences 


PhD scholarships available at 
the University of Aarhus, Denmark 


‘An academic environment that is both dynamic and innovative depends on 
talonted PRD students. That is why the University of Aarhus invites highly qualifiod 
students to apply for our PhD scholarships to attend graduate schools in: 
~ Humanities 

Health Sciences 
= Social Sciences 

Thoology 
- Science 


Application deadline: 15 May and 15 November 


Distinctive features of the University of Aarhus: 


{An international environment 
‘Among the world’s elite: one of the top 200 
‘A Nobel prizewinner 
Extromely attractive campus ~ right in the centre of the city 
34,000 students 

+ Approximately 9,000 members of staff 


More information at: www.au.dk/phd 


Department of Health and Human Services 
National Institutes of Health 
National Institute of General Medical Sciences 
‘Cell Biology and Biophysies Division 
HEALTH SCIENTIST ADMINISTRATOR 


‘The National Insitute of Gencral Medical Sciences (NIGMS), 3 major rescarch component of the National Institutes of Health (NIH) and the Department of 
Health and Human Services (DHHS), is seeking applications from exceptional scientists to serve asa Health Seientist Administrator in the Cell Biology and 
Biophysics (CBB) Division. This division supports major rescarch grant programs in these fields, including the Prosin Structure Initiative (PSI) ~ a structural 
‘genomes research program, The Insitute is sccking an individual with ssiemifie, administraiv, ad leadership credentials who can manage and direct structural 
biology programs inthis division and within the PSL. Informgtion South: CBB abd the PS! can be found at: 

‘nip/www.nigms.i gov/ About Overview CBB.htm and’ 

‘nup:/Avwwstigms.ih gov Aniitives/PSL him 


Qualifications: The successful individual will RHsess a Ph.D., M.D. or equivalent degre in afield relevant tothe posit hayélfescarch expericnos in structural 
biology and biophysics and knowledge of andor research experince in structural genomics or bioinformatics, leadership and managerial skills, and strong orl 
and written communication skills. Applicants must be U.S. citizens. 


Salary: The curent salary range is $93,822 - $121,967, depending on experience and accomplishments; ful vl Servigelfackage of benefits (incluing 
retirement, health, life and long tertfiGare insurance, Thrift Savings Plan participation, etc.) is available. Rogfiitmen! incentive may be awarded and relocation 
«epenses wil be pid. 


How to Apply: Position regiirements und detailed application procedures are provided in vacany announcemshts NIGMS.07-181502-DE and NIGMS-07- 
1815803-MP, which can be bbuined by accessing the NIGMS website at http:/www.nigmsaihgev. Ai applications and supplemental information must be 
‘eccived no later than Friday, May 18, 2007. For additional information, contact Ms, Erin Bandak at (301) 594-2035, 


UPCOMING JOB OPPORTUNITIES 
Department of Health and Human Services 
National Inistittes of Health (NUH) 
National Institute of Dental and Craniofacial Research (NIDCR) 


‘The Office ofthe Scientific Diretof (OSD), Division of Inara RES (DIR), National Insituté oF Dental and Craniofial Research (NID) secs a Deputy 10 
te Seinific Directo (Senior Investigator eligible or Senior Siemist Cat 1. The isin of the DIR io improve oral, dental and craniofacial health through research, 
‘research taining, and the translation of discoveries tothe public domain. The Division aesomplishes this mission by 1) ptforming distinctive basic and clinical research 
that emphasizes high quality and relevarg oath; 2) training the next generation of researches in iTaborstoris andi, and 3 translating the resus ofits research 
‘through publications and technology tran. 


The incumbent wil Serve asthe Deputy Scientiie irdeto for NIDCR with responsibility for management of alge scientific program and full delegation of authority 
to at forthe Scientific Director, DIR n mates rest te overall operation ofthe Institut’ intfamural esearch program. Specific responsibilities include aspects 
‘of administration that support and facilitate the DIR scicnticinssion- These may includ, for example, coordinating Feporing activities, assisting in budget preparation, 
reparation ofthe insite’ Emengency Response Plan, oveiceng renvalions seeving a lion tothe Exccutve Sesttary to the Board of Scientific Counselors in 
‘reparation fr reviews, reviewing and approving routine administrative atta, when ness sbstitatns forthe Scientific Director in representing the NIDCRVDIR. 
‘The incumbent may be supported to carryout a focused independent research program, with associated fot being consistent withthe dts ofthe Deputy Scientific 
Directo. the aeaof the individual's esearch expertise i appropriate, then (s)he may be involved in asistng inthe planning and evaluation of the Division's research 
programs, 


Applicants must have a DDS/DMDMDioe Ph.D. degree and documented expericnce in leading an independcat rescarch program, as well as an interest and willingness to 
‘support the basic and clinical research programs ofthe NIDCRYDIR. In addition, they should have knowledge of all policiesand procedures ofthe NIH intramural program, 
Applications from minorities, women and persons with disabilities are encouraged. 


Applicants should submit current CV, Bibliography andthe names and contac information for thre referees o: Pamela Metnnes, DDS, MSe4Dent.), Search Commit- 
{ce Chairman, Director, CIBID, NIDCR, Bldg. 4S, Room 4AN-12B, Bethesda, MD 20892-6402. Te: 301-594-2419, Fax: 301-480-8319, Email: pmeinnesa nider, 
aih.gor. Applications willbe accepted until May 4 2007. Salary commensurate with qualifications and experience. More detailed information about NIDCR can be 
“obtained on our Home Page. Visit usa: htp:/iwww.nider.ih.gov/Researeh/Intramural! 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS, 


Ww) Help Us Help Millions 


re you ready for an exciting career that could help improve millions of lives around the world? 


Post-doctoral fellowship position 
‘A post-doctoral felowship postion is avalabe inthe Molecuar 
Val Biology Secton ofthe Laboratory of infectious Dsseases, 
Division of intramural Research, National Institute of Allergy 
and infectous Diseases (NIAID), NIH, Bethesda, MD. 

The laboratory's interests focus on: 


(1) development of antbody- mediated prevention sfategies 
against dengue and other insect-borne fayyruses; including 
tick-borne encephalts virus, West Nie encephalitis virus 
‘and Japanese encephalits vus; and, 


(2) vestigation of immuno-pathogenesi ot dengue, especialy, 
‘mechanisms of anbbody-dependent enhancement (ADE) 
of dengue virus replication, 


Research acts inthe Section incude: combinatorial antibody 
dong by page dspiay to identity neutralizing monoclonal anbodies 
agaist each of these flavniruses trom infected chimpanzees or humans; 
‘molecular and immundlogicl characterization of Fab fragments and 
humanized i antboes; evaluation of antbody-medted protection 
agaist chatenge by dengue or ater faviviuses in animal models; and 
analysis of ADE dengue viru replication in vivo and in monkeys 


Twistul-tine positon offs a unique opportunity to work on antibody 
‘projects that range tom basic molecular biology, bacteriology, virology 
{o immunology i infectious disease areas. Successful applicants must 
have less than three years of post-doctoral experience and a strong 
‘background in basic immunology siology, and molecular biology, 


To insure consideration for this position, please email your resume 
40 Dr, Ching-Juh Laat cana hao, 


We invite Youto explore our institute and other available opportunities at tte: //heatthresearch,niaid.nih.gov/ndt 


i 


National Institute of Allergy and Infectious Diseases raud oe Equa! Opportunity Employers 


Department of Health and Human Services: 
National Institutes of Health, 
National Heart, Lung, and Blood Institute 


Biochemistry and Biophysics Center 
Postdoctoral Fellowship 


‘The National Heart, Lung, and Blood Institute (NHLBI), Division of 
Intramural Research is recruiting a Postdoctoral Fellow to train in 

the Biochemistry and Biophysics Center underthe mentorship of Dr. 
Radney L. Levine. The research goal of his laboratory is the elucida- 
tion of the mechanisms by which oxidative signals and oxidative stress: 
affect physiology and disease. The laboratory currently focuses on, 
oxidative modification of specific proteins and the effect ofthat covalaint 
modification on their susceptibility to degradation, especially by the 
proteasome. Additional information and references may be found of 
the NHLBI website at http:/dr-nhibi.nih.gov’statfpagesiievinertindex. 
asp 


Candidates for this position must have a PhD or MD degree along with 
excellent training in biochemistry, molecular biology, or cell biology. 
The successful candidate will be provided stipend support commenst- 
rate with their experience. To apply, please submit via email your cur- 
riculum vitae, a statement of your future career goals, and the names 
and email addresses of three references: 


Rodney L. Levine, MD, PhO, Senior Investigator, rlevine@inih gov. 
DHHS and NIH are Equal Opportunity Employers. 


Postdoctoral, Research 
and Clinical Fellowships 
at the National 
Institutes of Health 


wwiwitraining.nih.gov/pdopenings 


www.training.nih.gov/clinopenings 


Train at the bench, the bedside, or both 


¢ of Intramural Training and 
a, Maryland 20892-0240 
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UMD, 


NEW JERSEY 
MEDICAL SCHOOL 


Quantitative Neuroscience 


“The New Jersey Medical School seeks to fill a TENURE TRACK 
ASSISTANT PROFESSOR FACULTY POSITION. Applications for 
‘Associate and Full Professor rank will alo be considered. Research 
‘should focus on inteniscipinary and quantitative approaches in any 
area of the neurosciences and complement existing research interests 
lecular and cellular aspects of biochemisiry, pharmacology and 
Mis expected that more seni candidates will aveachieved 
al recognition for their rexearch accomplishments. Infor 
mation about NJMS and its academic research departments is a 
hhetp:/njms.umdnj-edu 


NIMS is investing heavily ina strong research infrastructure for basic 
and clinial neurosciences, Graduate training programs in this area are 
‘supported by the NIH and the Howard Hug 

faculty position comes with a competitive salary, startup package and 
research facilities. NIMS is located in the University Heights area of 
Newark, adjacent to Rutgers U 

‘oF Technology, and in close proximity 
‘cultural amenities of New York City 


1a the extensive scientific and 


Review of applications will beyin May 18, 2007, Applicants should 
send a cover later, CV, researc itsrests and future plans as a single 
Word or PDF e-mail atachment to QNSfaesrelva umdaj.edu 


‘address, with hardcopies 10: QNS Facult 


‘Dean: New Jersey Medical School: 185 
NF 07101-1709, 
UMDNY isan Afirmative Action Equal Oppo 


MEFIDIV an is a member ft 
University Health Systems of New Je 


U.S. Environmental Protection Agency 


Office of Research and Development 

National Exposure Research Laboratory (NERL) 

Branch Chief (Supervisory Biologist/Supervisory 
Physical Scientist), GS-14/15 


The US. Environmental Protection Agency is seeking qualified applicants 
{for a Branch Chief position located in the National Exposure Research 
Laboratory (NERL}, Environmental Sciences Division (ESD), Las Vegas, 
NV (http://w. esd). The incumbent of this postion willserve as 
the Cueva Ee Lancape Eeloy Bench de epee iowa a 
1s a Supervisory Biologist Supervisory Physical Scientist and to conduct 
research as a nationally andor internationally recognized exper in hiv her 
ficld of research related to the ESD's and NERL's mission. The incumbent 
willbe responsible forthe administrative management of the Branch, which 
‘conducts researc in the fick of landscape ecology and related disciplines, 
develops landscape assessment and characterization applications, and 
‘Sevises tools and method forthe solution of regional env ronmental prob- 
lems, specifically regarding the vulnerability of ecosystems and watersheds 
‘to human-induced and natural stress, The incumbent serves as a first-line 
supervisor fora staf of about 20-25 researchers, technicians, and support 
‘staff located primarily in Las Vegas 


This isa permancat, fill-in position requiring U S. citizenship. Candidates 
‘aust meet U S. Ofic of Personne] Management qualification requirements 
{ncluing specific edacational course werk. Desirable applicants will have 
1 degree in the areas of biology, landscape ecology or related bi 

and or physical siences disciplines. Salary ranges rom $79,115 oS 

fad is commensurate with qualifications. The selected candidate 
cligible for a full benefits packags. including relocation, health insurance, 
lite insurance, retirencat, ad vacation and sick leave 


HOW TO APPLY: This position will be advertised through the Federal 
‘Government’ job web sit: http://w wsusajobs.gov. For additional infor 
‘tation regarding the application process, please contact: Ms. Barbara 
Howaed a (800) 433-9633 or vis email at howard.barharawepa.gos. 


The US. EP& isan Equal Oppornnity Employer: 


FULL TENURE TRACK FACULTY POSITION 
FOR A CANCER RESEARCH SCIENTIST 

‘The Meharry Medical College Vanderbilt Ingram Cancer Center Partner. 
ship(MMC/VICC Partnership) iseurently soliciting competitive applica 
tions for ane cancer basic reacarch scicatst Fora fll enue track faculty 
position atthe level of ether assis 
Medical College with a joint appointment at Va 
Comprehensive Center (VICC). The qualified candidate wil also have 
‘ther full an associate membership statusat the VICC. The candidate 
will be expected to develop and maintain a funded compe 
research. Initially, the position will be fully funded by the NC's US4 
Cancer Center Partnership Grant to the MMICIVICC Partnership, whose 
rincipal investigators are De Harold Moses, Emeritus Director of VICC 
tnd Dr, Samuel Evans Adunyah, Chairman of Cancer Biology Division 
Department of Biomedical Sciences at Meharry Medical College. Basic 
scientists (Ph.D. of MD/Ph.D.) with cancer researc interests in ether 
Prostate oF breast cancer are encouraged to apply by Apell 30,2007, 
Please, send an electronic fle on CD rom containing the following 
formation tothe address below. 
‘letter which describes your inerest in our position and your ewrrent 

esearch description and future research goals 
(Current full CV 
References (atleast 4) 

De, Samuel Evans Adunyah 
(Chairman, Cancer Biology Division 
Co-P.L, MMC/VICC Partnership 
Cancer Biology Division 
1005 D.B. Todd Blvd. 
‘Nashville, TN 37208 


Dr, Samuel Evans Adunyah can be reaches at: 6157327634 


Send your materials by e-mail (o: Ms Ketia Barnes, MMC/VICC 
Cancer Partnership Program Coordinator, Kharnesia mmeedu 


Waseda Institute for Advanced Study 
Call for Researchers 


Waseda Univerayrcertyestablaed the Wased hatte fr 
‘Aavanced Study (WIAS), 1 provde opportunites fr younger 
tesearchors to exorso thr capabiti othe fun BGR doveloped 
tnd foxble research enarenment. We are now stung meal for 
Tenearchers who wht ako up xo orm apporimonts a he Insta 
{engage n research acivty 
1 Research Feld tobe inva 
Natura! soeneoe 
Parscutry welcome i research raver ote flowing thems 
Wanerraten and elomatoncmobgy raelecnongy and aera 
trecu oa macros, pyuce, erro ant craton, Mest 
SStecociogy ogebe' weston a hres ene dstes 
Appointment Stans 
Ving Professor, Vesting Associate Professor 
Assstart Prateser, Vsling Research Assoaata 
“Asa nde, Veg retesars ad Ving Msc Pros slahe 
age wee yartong onus sts 
1 _Schoduled Staring Date of Appointment 
Ocbber 5, 2007 
= Duration 
Three yoors 
Langertom apoetmerts (ove yas ae ata pending een 
‘erenut ot peormance even 
Applicants must have PhD or equivalent, or be expecting those degrees 
by October, 2007. Futher deat and applcation farms can bo 
obtained from our website www.waseda jpiwias- 
Contact wiasifo®istwaseda jp 


‘Applications should be sent othe folowing adoress: 
‘Waseda institute for Advanced Study 
attention: Faculty Hiring 


Closing Date: May 10, 2007 


The Howard Hughes Medical Institute 
invites applications for investigator 
Positions from scientists who 

have demonstrated originality and 
productivity in biomedical research 
and who show exceptional promise 
for future contributions. 


Eligibility 

3 Ph.D. or M.D. (or the equivalent) 

3 Tenured or tenure-track position as an assistant 
professor or higher academic rank (or the 
‘equivalent) at an eligible US. institution 

1 Four to 10 years of experience since appointment 
‘as an assistant professor 

1 Principal investigator on one or more active 
national peer-reviewed research grants with a 
duration of at least three years 


Application deadline: June 13, 2007 


Application information: 
www.hhmi.org/investigator2008/sci 


HHMI 


HOWARD HUGHES MEDICAL INSTITUTE 


HEML investigators are among the most creative and 
promising biomedical scientists in the nation. They 
rigorously pursue significant biological questions, 
develop innovative research tools and methods, and 
new areas of inquiry. 


improve human health, 


ors Forge links bexween basic biology 


‘The Institute seeks to appoint to its investigator 
program approximately 50 outstanding scientists. 
ill enable HHMI to strengthen 

of researchers ana bring innovative 

the study of biological problems not only 
in the biomedical disciplines but also in adjacent fields, 
such as chemistry, physics and biophysics, biomedical 
‘engineering, and computational biology. Candidates 
should apply directly to HHMI; prior instivutional 
‘endorsement is not part of the application process. 


HEMI, a nonprofit medical research organization, 
plays a powerful role in advancing biomedical research 
and education in the United States, ‘The investigator 
progeam rests on the conviction that scientists of 
‘exceptional talent, commitment, and imagination 

will make fundamental biological discoveries for 

the betterment of human health if they receive the 
resources, time, and freedom to pursue challenging, 
‘questions. The Institute's investigators, selected 
through rigorous national competitions, include 

11 Nobel Prize winners and 115 members of the 
National Academy of Sciences. 


‘the Howard Hughes Medical Institute isan equal 
opportunity empleyer. Women and members of racial 
and ethnic groups traditionally underrepresented in the 
biomedical sciences are encouraged to apply 
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Developmental Therap ts fot 8 


Department of ( 


ay, PhD, Chale 

ical Mikgy and Fherapetcn 

‘St Jode Children's Research Hopital 
ialerale Street» Memmpin,T 38105 


FACULTY POSITION 
IN ZEBRAFISH 
DEVELOPMENTAL BIOLOGY 


cs at 8. Jae Chins Reseach 
ASSISTANT or ASSOCIATE 


Tenured Professor 


CBR Instat for Biomedical Research 
8 Haread Medial School 


rederick W. At 
irevefSearch Commins 
GN Incite for Biome Research 
200 Longwood A 
‘Donon A 
ORL rcervament@ 


Tenured Profe: 
cur 


ssor 


Biomedical Research 
sical Schoo! 


Tomas Krchhausen, Chae 
Scslor Search Commasewe 
(CBR Institue for Biomedical Research 
300 Langroed renee 
"ovenas MA 2113 
CiRL reread crinaneong 


RIVERSITY ce 
JELAWARE. 


Assistant Professor 


RIKEN 
cience Institute 


Laboratory Head / Unit 
Leader positions, Japan 


Brain § 


New laboratories/ units will be 
established in the Intellectual 
Brain Functional Research Group. 
specifically aiming to understand 
fundamental brain mechanisms of 
emotional and social interactions 
among humans. 

For further information: 


http://www.brain.riken,|p/en/ 


work/positions/20070328.html 
Inquiries: 


date 
ipt date) 


July 31, 2007 


13 Endowed Pro! 


In Basic Bioscience and Engineering 


The Rensselaer Center for Biotechnology and Interdisciplinary Studies, an 
outstanding facility for world-class research, is offering up to four endowed 
positions for exceptional faculty in each of the following focal areas. 


@ Biocatalysis and Metabolic @ Functional Tissue Engineering and 
Engineering Regenerative Medicine 
@ Biocomputation and Bioinformatics @ Integrative Systems Biology 
Jonstellations” of distinguished protessors work collaborat ach focal area, ported by generous resources to ensure success. 
Invite you and potential collaborators to put yourselves at the Center of world-class recognition. Appointments and joint appointments. 

il be considered at any le 

RPI is located in Troy, NY, which borders the Hudson River - a short di largest protected state park in the Northeast. Minutes 
way from the state capital, Troy boasts many of the finest examples of 19th century American Architecture, along with a diverse 

wulture, sporting events and entertainment. 

For the most important To apply send your Sv nomination to R.E, Palazzo, Acting Provost 


research of your lite: array ed 
er Polytechnic Insitute, Maltstop: Blo, Tech.~ 2nd Floor 
Street. Toy, NY 12180-3500 


http:/ww.rpledu/research/constellations/index.htmi 1108! 


)Rensselaer 


‘why not change the world? 


Hh 
Agirmative Action 


Untversiry 
(OF MINNESOTA 


(Ep Marocunc 


he Division of Oncology Research atthe Mayo Clinic 


reer the atca of expec eve a focal points for future research intce 


Faculty f X-Ray Crystallography 
The Department of Medicinal Chemisty ivi fora ewelve-monthfull+ime tenured positon ar the 
rank of ether Aout P lly reconiaa, externally Fund 
design. Ta apply. plese go vo wwwpharmacyuma.edulemployment foc " s- All applications ust be subst 
online, Review of applications will begin ne cwavinve i filled. For quexions ranting this pos 


Mayo Clinic College of Medic 


Faculty Po n Cancer Pharmacology 


The Dission of Oncology Research anal Department of M an oustanding, extramural 
Iy funded investigator in the area of cancer pharmacolog elcome. Individual with 
apse in prolicrative signaling cell eye checkpoines, DNA repr, cancce pharmacogenomics and/or rational drug design arc particularly encour 


aged to apply. Rescarch in the Division is described at huxp/mayoresarch mayo cdulmayofescarch/ developmental_therapeuticl. A cutricuhim 
vitae, selected publictions, and a statement of res 


i interoes should be submited to Deb Swaus (srausdebra@mavo.cdu) or 10 Scot 
Kaufmann, M.D.. Ph.D., Guggencim 1301, Mayo Clini, Rochester. MN 55905 by May 31,2007. 
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ScienceCareers.org 


From physics to nutrition 


For careers in science, 
turn to Science 


Looking fora great 
science career? 
q 


seen 


If you want your career to bear fruit, don’t lea 
ence. We 


re scientific journal, 


chance. At ScienceCareers.org we know 


committed to helping you find the right job, and to advancing scienc 


delivering the useful advice you need. Our knowledge is isthe natural 
Features include: 
* Thousands ofjob postings —_* Resume/CV Database 


Career tools from Next Wave» Career Forum 


* Grant information 


ve it to firmly founded on the expertise of Science, the premier 


and the long experience of AAAS in 


ound the world. ScienceCareers.org, 
ion. WWWw.sCiencecareers.org 


ScienceCareers.org 


We know science 


Do what 
you love. 


Love what 
you do. 


www.sciencecareers.org 


ScienceCareers.org 


in science 
is more than 
just science. 


ScienceCareers.org 


National Synchrotron Light Source Il 
Experimental Facilities Division Openings 


Brookhaven National Laboratory invites applications forscientiss 
‘with leading expertise in accelerator physics,synchrotron 
beamlines and instrumentation and who are interested in 
playinga significant role in the design and construction of the 
‘new world-leading ultra-low emittance, thitd-generation 
synchrotron. The National Synchrotron Light Source Il (NSLS) 
will be highly optimized to deliver ultra-high brightness 

‘and flux and exceptional beam stability, it will also provide 
‘advanced insertion devices, optics, detectors robotics and an 
initia suite of scientific instruments. We are now recruiting for 
the following positions: 


Experimental Facilities Division Director 
Minimum of twelve years relevant scientific technical and 
managerial experience. Project management experience is 
desirable. Candidate willbe responsible for establishing and 
coordinating the science programs for NSLS: including 
‘outreach tothe scientific community to ensure maximum 
scientific productivity of NSLS. and thatthe projects responsive 
to.user needs. T4299 


Physicist - Experimental Interface Manager 
Minimum often years relevant technical experience including 
extensive experience within both the accelerator systems 
and experimental facilities divisions ofa synchrotron facility 
Isrequired.as well as experience in project management and 
ivmanaging control systems. This individual wil manage the 
interfaces between the Accelerator Systems and Conventional 
Facilities and the Experimental Facilities Division. TM4280 


Physicist - High Spatial Resolution X-ray Optics Group Leader 
Minimum of five years post-doctoral experience coupled with 
at least five years experience in accelerator or synchrotron 
design anda demonstrated ability to direct an innovative high 
spatial resolution X-ray optics esearch program. Individual will 
lead an R¥ program to examine the issues associated with 
achieving ultra high sp 
1Ma278 


Physic [Energy Resolution X-ray Optics Group Leader 
Minimum of five years post-doctoral experience coupled with 
atleast five years experience in accelerator or synchvotron 
design and.a demonstrated ability to direct an innovative high 
‘energy resolution X-ray optic research program, Individual 
‘candidate will ead an R¥D program to examine the issues 
associated with achieving ula high-energy resolution in the 
hard X-ray regime. 74277 


resolution inthe hard X-ray regime, 


\nterested applicants must possess a Ph.D.in physics or a 
related discipline. Aninterational reputation inthe feld is 
required. The group will havea significant research budget, and 
the successful candidate will be expected to make a number of 
hires in the field, Qualified applicants are encouraged to 
submit resume to morton@bnl.gov. For more information 
about BNL.NSLS-+ or other opportunities available within the 
Experimental Faciities Division, please visit www.bni.gov. 
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‘ASSISTANT/ASSOCIATE RESEARCH. 
PROFESSOR 

The Cardiovascular Research Laboraery at Talane 
University Health Sciences Center in New Orleans = 
sccking a full-time research sckentst with comer 
Able potential, expertise, and experience in tse Fe 
entation using adult stem cells 

Successful candidates will have a Ph.D. and/or 
MLD./Ph.D. degree and sever years of postdoc 
Tora! tinings, knowledge, and expertise in all stan 
tard methoxt of molecular biology, cell culture, 36 
well av interventional catheterization peocesurc i 
Tange animals, The academic appointment will bei 
the Department of Medicine 40 Director of Applied 
Canlionascular Stem Cell Rescarch leading, mult 
liwiplinary baste aru applied stem call research pe 
[gram in cooperation with the Deparment of Surgery 
nd Medicine 

Prospective candidates should e-mail a letter of 
iment Iicating research interest, curriculum vitae, 
and contact information Ror three references to 
Eckhard Alt, M.D., Ph.D., Professor of Medi 
«ine, Director of Cardiovascular Research, E-mail: 
‘ealtmad@aol,com, 


AQUATIC ECOLOGIST/LIMNOLOGIST. 
The Annis Water Resources Institute (AWRL) at Gras 
Valley Ste Univenity socks an Aquatic Eologist/ 
Limologst, Candate shoul have a Ph.D, pont 
doctoral experience, potential to develop and main 
tain a song estramurally funded researc program, 
2 demonstrated publication resord, ably to teach 

dof espertise, and desire to 


je, intentnciplinary environ 
nent We are eecaly interested in appicanes work 
ing atthe land ater inertce, an! who have expertise 
inthe fckls of coastal processes, landscape ecology, 
wetlanu! ecology, molevular ecology, or aguatic bao 


2007, and contin unl the poston filed. 9 
vbsite: hepsi /www. 
‘org. Further information abonte AWRT 
at website: hetp:/ /www. 
the potion, <0 
steinmaaelgysu.edu). Cau 
ry a fina tn gd Op 


button, 


EVOLUTIONARY BIOLOGY 
Carleton College 
The Deparment of Biol 

fora temporary one-year 
academic year, 31 A 
The full-ime’ teaching responsibilities inchade 
Upper vel course in evolution, eam teaching in the 
introductory biology sequence with laboratories, 
and an upper-level sourse with Lboratory i af ea 
‘OF the apphcast’s expertise. Applicants should have 
PhiD, degree ur be near completion. Sera letter 
‘of application, curriculum vitae, 2 bref statement of 
teaching and research interests, apd three ltrs of 
Feference to: Professor Matthew Rand, Depart 
‘ment of Biology, Carleton College, Northheld, 
MN 55057-4035. Review of applicitions wil begin 
‘on 1 May 2007, Calon st Airatire on pal 
Oppertnty Linployer We are eited te deeopine ar 
Janhy to beter fet th vey four stent dy ad 
Arena ser. Wo ad ic of ney ie re 
inomdy encouraged 1 apy 


FACULTY/GROUP LEADER POSITIONS 
are available a¢ Insteute foe Nutmtonal Sciences, 
‘Chiese Academy of Sciences, Shanghat, China. The 
postion offer an excellent oppomunity to develop 
Sv individual research program that apples ap 
roaches Of moder biology ta solve triton 
Flt eh ey The ttt er eompciine 
Slay, house Benet, tetup package, an etcelent 
research environment Plete subunit resume, per 
Sonal statement, and three recommendation iters 


P 
ASSISTANT or ASSOCIATE DEAN for 
MANAGEMENT 
“The Univenity of Teas 
Health Science Center at Houston 
Graduate School of Biomedical Sciences 
Responsible for financial and personnel manage 
ment, information systems, and institutional te 
carch for the Unneraty of Texas (UT) Graduate 


Applicants must have ve or more years of exper 
‘ence n higher cdocation management, mstitutional 
fscarch, or as 2 graluate schoo! fulky member 
Master's degree requarad but 3 Dextorate i pcteret 
Apply by e-mail t e-mail: gxbe-mgmt.position® 
‘uth.tmeedu. Anach (1) a cover ete incaling a 
etcment of incret and a bec desenjoon of rckvant 
aperience and qualifications, and (2) 4 resume or 

im vitae. Starting date must be no later than 


Gomer at Ho 
parr Eaplye7 batartie mala / pres ih 


SENIOR SCIENTIST: PROCESS 
DEVELOPMENT/PROTEIN PRODUCTION, 
A Senior Scientist ponition is allah snme titel 
at Fraunhofer USA Center for Molecular Biotech 
‘nology (CMB) in Newark, Delaware, wo kad 3 pro 
Sew devchpment anf prin prenkaion Lboeaten, 
The Center focuses on plant-based prexlucton 
protein for vacane and therapeutic devclopune 
The successful candalae will be reqponable for 
Processes for the pur 
‘ation of recombinant proteins from plane biomass 
de wil be to coonbnate and ytplemcnt sake 


protein ponte 

The succesful cand 

fea si laboratory person 
tmule- Functional groups wi 

‘outside partners Apptcants should be highly) mot 

‘ate, punscas 3 9.0, ard have a stro 

to domrream 


for pukt-wale prexivction 


teins 1s an akantage and applicants should have 
Supcrosory experence.Intereued candidates should 
‘Small ther curriculum site to e-mail: penonnel® 
Fraunhoter-cmb.org. 

‘amber USA afew comprstve sala and lew 
pages and bam Esp Oppoety Employer 


DIRECTOR, CENTER for INDUSTRIAL and 
MEDICAL ULTRASOUND. 
University of Washington 
Applied Physics Laboratory 

The Univenity of Washington's Applied Physics 
Laboratory (UNGAPL) is seeking 3 dynamic and 
visionary Keader to direct the Center for Industrial 
aind Medical Ultasound (CIMU 
pinay org 
aff phy sian 

tr and extramralF 


findustal partnerships; and educate and train stu 
dents and techoical peokessooals working in the 
felts of ixtustnal and medical ultssound, CIN is 
‘one of eight departments at APL, leader in the bai 
fia apple phys of scund. Acove arew of research 

"CINU inchade but are not limited tor image- grade 
tlraiound therapy, diagnostic ultasound, shock 
‘wave therapy, snokuminescence, sonoxhemistry, 
‘oalincar acoustics, and ulrasound-meduted drug 
clvery, candaistes purwing research programs i 
these or related areas are especially desirable. To 3p 
ply go to websit 


few. ed 
Tides iebey, eal ss coal se 


to Dr, Qivei Zhai at e-mail: qwahai@sibeaccn, | gusition sumber 31343 
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Tre NATO Science forfeace and Seay (SPS) Anglicans or sppar on ois inthe prorty 
§ Pe Programme ofr gars adenis a NATO, sremstc. be propre two sci 
cience TRE Pare: arc ecieranean Cusogue courbes tom ether NATO Mente curt and Par 
: jo cofabonta yon Ky Pontos rer cout ora NATO Mabe county and 9 
Security Meqisrrarean Dialogue country 
Te Rey Pisa ois regen 
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ren coasted on scarce cocperaen'e deep 
perches te reding the Beat fro tect 
seniaes as wel ashuaran and wacetal Gyros 
(iretcing the roe causes tors) 


Suspori provided or: ling cours and sum 
iret schoo workshops, colaboraihve grants and 
spied prpecs (Scene lor Peace Pec) 


Desens Yor applications 
March | 1° July | 1" November 
Countering other threats to security: 

research 1 adress rears 3 ee ay tet 


Contact details 
10 the socety beyord the ere trea oe 

5 NATO, Partner and Mediterranean, Pali Diplomacy Division 

Dialogue Country priribes Scince for Neer and Secu Programme 


responding ratoral arciorregore! proties Boukrard Leopad 11110 Brus Nlgum 
loro scierce and ervtorrersal cooperation, sclence@hq.natodnt 


www.nato.int/science 
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* How can you write a resume that stands out in a crowd? 
‘© What do you need to transition from academia to industry? 
** Should you do a postdoc in academia or in industry? 


Leta trusted resource like ScienceCareers.org help you 
answer these questions, ScienceCareers.org has partnered 
‘with moderator Dave jensen and four well-respected advisers 
‘who, along with your peers, will field career related questions. 


Visit ScienceCareers.org and start an online dialogue. 


Bring your career 
concerns to the table. Dialogue 


online with professional career 


counselors and your peers. 
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DEPARTMENT of REPRODUCTIVE BIOLOGY 
‘Case Westen Reserve Univenity, Cleveland, Ohio 
Applications ate invited fora SENIOR. RE- 
SEARCH ASSOCIATE position for a proxct of 
cacy detection and treatment of epithelial cancers, 
‘The position oflered is for one to three years The 
Sandkate must have camed MLD.» PhD” (by, 
pisos. bechemisr, or mole obs) 
oth, with proven postdoctoral Fellowship expertise 
and track fecond pathology. The candidates 
‘equired ta be fluent molecular bology and bio 
chemical techniques, incising RNA "and DNA 
rescarch; rego and advanced prorein techniques 
(eg. imiging, immunostaining, immunaluorcxcnee, 
chenilumnecnoe and chaymelinked inmunonce 
bent asa); expertne in fechas ivoling the use 
fof antitoaig,2 well a0 routioe ell culturing tech: 
Pigs inating handing of human cll ant ae, 
Sint handing and eapermmenation of rat arse 
‘Applicants with documented expertise nanetechnek 
‘ogy mathals wil have peony. ‘The eandalte will 
‘desig, cont, aa analyze expres i the sbowe 
il coordinate and supervac,lower ranking 
{echniians in the Laboratory; and i expect to wate 
Inboratory protoceds and procera of rescacts 
papers anal grantappications Required also rey 
{ithe use of computer fice ahd th tteret, ad 
the abily to wwe exiting dita modes (beanies, 
‘ectrnic source, etcetera). The candate ill be bt 
‘hange ofthe administrative aspests of running a busy 
inboratery, inculingintraction with other acts 
from witlin and vate of the trteution. Weak will 
the caniicted iy an excellant environment with sac 
oftheart tals 
Please send curriculum vitae, a description of 
research accomplishments, and the names of three 
ferences to. George Gorodeski, M.D., Ph.D., De 
tncht of Obstetrics and University 
lospitaly of Cleveland, 11100 Euclid: Avenue, 
Cleveland, OH 44106. An -Afimane sin oped 
Oppo igs 


‘TISSUE CORE MANAGER 
Univerity of Caiornia San Frandseo (UCSF) 
Comprehensive Cancer Center seeks experienced 
‘Gore Leader to acta the Manager of the Thave 
fda to callectng, banking, and 
sing Tnouke and human taut "These chad 
Toren, anf parafin abodes ad po 
ceoaig servccs chomping the whole speci of 
Hino snes and BNAJRNA catacion. Manage 
the day Core faneions aod pride tchoohigd 
Uirection foto Aiture area of sere. Stn com 
Inunication snd organizational sls, managment 
fin teaching experience, abd high dete af ech 
‘at eaperterequred, a wll anbnow pf ue 
Haling, mone pathology and necropsy, 
protools and patent consent eulrmenis Supe. 
Cie Tabrator penne, determine cyperinc ta 
‘isi for unc and posses general Know of 
phology and histo protocols, Advanced degree 
Inblologkal akoecs and/or rated clinical teense 
and background in ue handling and blogic 
Tescarch required, Salary sake foe Avademie Coord 
nator I/II commensurate with experience. Msc 
Send eter of interest, cucu ye, nd names 
Contact infomation forthe referees toc Time 
Gore M2914, Human ‘Resource, University of 
Calfornia San Pranckco Comprehensive, Cancer 
Canter, 1600 Divisadero Sucet P.O. Box 1297, 
‘San Frncaco, CA 94148-1297. UCSF an ondort 
whe eerie, tng, om, o omy ona ha 
fired ew cai pay oda ey ant 
‘ene CCS san Amuse n/p Oppoersy 
tempor The Untonty weds lite a 
steep emp epee ma 
ite nd wr, or pom wah lia, and fr wrod 
VeticA eifel spines mel ap 
(ymin and omc, 
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Pe POSITIONS OPEN 
oe” scuipes 
oP FEONIDA 


FACULTY POSITIONS 
Department of Molecular Therapeutics 

The Scripps Research Instiute, Scaipps Fonda, is 
secking obtstanding applicants for Tenure-Track 
Faculty ponitions the nowly formed Department 
‘of Molecular Therapeutics. The Department focuses 
fon chemical biology approach to divecting signaling 
pays and transripnonal programs, wang sate 
the-art muleabsopiinary technology and methoohogs 
land a vancty of model systems for target identifies 
tion, valitation, anal preclinical stadicn 

The Department of Mokcular Therapcutis cur 
renthogants of ru fealty members, Dr. Patrick R. 
Geiffin (nuclear receptor signaling ans! proteomics, 
prevention and therapeutic approaches to metabolic 
isorders) and Dr. Philip LoGrasso (kinases and 
fneuroxegencration), Dr. ‘Grifin alo overces the 
Trandational Research Institute at Scripes Hoek, 
which consists of dicovcry biology, high through 
pat sxecrung and lead nlenaticaton, meainal ches 
‘etry, pharmacology, chemical informatics, and drug, 
‘metaloliam and pharmacogenctice 


mtcomnk, Xray crysallograhy, informatics and 

faa crm 

stents are avaiable atthe ASSOCIATE 

wal ILL PROFESSOR lack. Scngy Fees of 

sheen and the outstanding intelectual environment 

Sf the Sonppe esearch frie fo fentrng ep er 

ink and tranapenal rexarch, lntereed candhtter 

shoukt submit ther encurn yite, 3 synopss 

thei past rear accomplhments ant of th 

“irre and proponcd research programs, along with 

“omplte conta information for atlas four pr 

enon referenacs, 

Dr. Patrice R. Grifin 

‘Chaieman, Department of Molecular ‘Therapeutics 

‘c/o Mary Krosky 

“The Scripps Research Institute, Sripps Florida 

13355 Parkside Drive, RF 
Jupiter, FL 33488 


‘The Department of Clinial tovenigation (DCI) 
a Toler Amy Motil Center, Howat ve, 

ons to il (wo RESEARCH SCIENTIST 
SHAEF postions Dectora. degre in bomedial 
eld of mscarch reguined. The went wected will 
be capacted to eta an independent tanto 
rcach program thit  competiene for extramural 
feocing. Whe sckrdn wil meer plans ins 
{onc and fbnestap trang ard Earp 3 wl stad 
ine of rscarch amenable to the thcksion of co- 
investigator pstans. Compettne apyiiants sll 
be able to prove general glance ta fances in 3 
tthe are of cin apes in graduate med 
‘suction programs a0'well x alle eal profes 
Sion programe: Exidenceof previo work st area of 
trarlotsmnal rescarch ndergauste and grade 
{eve imtuction, and/or mncatoring, a fbanty 
with stata ates desire. Salary cormmens 
‘te with expenence and acommplishmcnts, ard 
tial scrice package of bens lnchting ftrement, 
Irakth, ic, sa long ten care smorance, The So" 
ings Plan Pascpabon) is avadablenecrstl can 


31 May 
qustbons, flea cll the 
DCI Secretary at wlephone: 808-433-6709. 


‘NUTRITIONAL BIOCHEMISTRY and 
METABOLISM 
“The Ohio State Univenity 

The Department of Human Nutrition invite 
anlicagions for thee to four tenet postions 
SPANY LEVEL sf appointment. Appeintinent 
ihe Avistant Profesor level requires postdoctoral 
“xpencnce, pubations in wellestabshed journals 
Siul evident poten o develop a hatinalycorpe= 
tive researdh program foxused om nutment Met 
Sian or dietary reglstion of signaling proven 
‘Appointments seior levels rguire eablshed, 
srelbfanded research programs. We are urticulaey 
Inrereaed in investigators who are exploring ph 
‘logs, biochemical and molecular pest Mi 
tricnt metabolum and diseae process madolated 
by vt, a8 well a6 ivestigators who complement 
suiting strengths in the Department. andthe 
interdciplinry utridon program on cap 
Eapeniense sn multidsoplinary approaches snd col 
Iaborations addrening metabolic and chronic di 
cases, molecular nuttin, genomicy proteomic 
Studs of dict-mediatd regulation of metabolism, 
Sind integrative rescarchinvolng.humanslinical 

is anal motels an ole msha 
fahance compctiivencs. Successul applicants 
Sntruce to graduate and undergradware teaching 
Cmpettive slay, benefits, and startup will be 
erty wa recently 
laces 10 
nt the 

Money 
imagarine as one ofthe cs in the county 
for genera quality of Wie. Our College asin t 
diversify our faculty and encourages application 
from sndivaluls fo underrepresented BroUph (ef 
Women, African Americans, Latinos, and’ Native 
Jmencins), 

‘Appicants should submit cover kter cca 
ie, watcrnen of research aecomphshnents ant 
Plant and teaching philoxophy, and names and 

ntact information for thre references t” Search 
Committee, Department of Human, Nutrition, 
‘The Ohio State University, 1787 Neil Avenue, 
Golwantis, OF 43210, Screcoing. ot appeatin 
wel bin May 18, 2007. opal Lnpopen Opt 
Apia Alek Epler 


CHIEF SCIENTIST 
The Arizona Cancer Center ivites appcations 
for the penton of Chick Sekt, Aina Caner 
Center, The Arima Cancer Center (AZCC) tet 
thal Cancer tute signated comprehensive 
ancer cer which i elevating is 30h anniver 
Sar. The Center, which wa designated by the Ar 
feo ate atone asthe oficial Cancer Insite 
forthe tate of Arizona, fe home to mar programs 
inbacy ranaatonal and chal reward revere 
Sscation and midair, subapeiie an 
Ser patient care” Research acttes at the AZCC 
include developmental therapeutics, prevention and 
Control, astern cancer, cancer magi 
ance filogy art genetics, The smut who Hs 
postion wil have an independent research pro 
{Bam supped by exramual funding in base and 
‘cranial rescach and il have amanratve 
‘eoponsiibies reiting to adi. and developing 
{SS and tration escavch programs 35 ll 
‘mentoring fmior fly ivextigators This pontion 
israpportd in part by an endowment tothe AZCC 
Sint oer 3 mulimion dollar tap package, For 
3 fil deception of dons and quaiieatons sec out 


posting at website: heyp://www:hr.arizona.edu, 

Yo apply, please Wat our website: com 
uscarcertes Tink to our online application 
Farce an ellos the instructions, Job mumber ie 
7338. Review of materia has begun and will 
‘entinie unl the postion i filed. Tie Unersty of 


Anz an Esa Enployien! Opry Afi 
Arson Lupe. noise eons with ier 


wn. sciencecareers.ofg 


POSITIONS OPE! 
"ACULTY POSITION 
Michigan ‘Technological University 
Forest Ecology 

The School of Forest Resources and Environmen: 
tal Science at Michigan “Technological University 
(website: http://forest.mtu.edu) invites ppt 
‘ations fora tenure-track faulty postion in the area 
ff forest ecology at the kvel of ASSOCIATE or 
FULL PROFESSOR. Candidates must posese 3 
Ph.D. in a relevant field (eg, fonext ecology, forest 
scosystems, or community dynamics addressing cur 
Tene fsucs relating ta forest tees oF forest ceosys 
{ems), A demonstrated revord of rescach excellence 
is required. Responsibilities wil inchude teaching ia 
the aplican’s aca of expertise, and development of 
‘igoruus, extrumuraly Rinded research program sup 
poring Master's and doctoral stadents. For aii 
Al information, see website: hetp://foret.mtu-edu/ 
faculty openings /index-huml. To apply. sel cue 
ficulim sic (with complete” grants amt contacts 
fis), publication st with select reprint, and names 
‘of three references to: Forest Ecology Search Coa 
mittee, c/o Dr. David F. Karnosky, Chair, School 
‘of Forest Resources and Environmental Science, 
1400 Townsend Drive, Houghton, MI 49931 
1295, Review of applications wil begin on May 1 
2007, ant wil contiaue until the postion i fil 
‘Questions maybe directed to De. David F. 
Kamosky at e-mail: kamosky@imtu.edu Mili 
Tieulogeal Univolty Ut gal Operanty Easton 

son igual Oppo Ep 


MOLECULAR and CELLULAR BIOLOGISTS 
Genter for Molecular Medicine 
The newly established Centar for Molecular Mes 
sine at China Medical Univeraty Hospital t Taichung, 
Taiwan, iy secking Molecular and Cellar Biologists 
for up to ten tenure-track faulty with demonstrated 
«excellence i (1) base science research receptor tra 
Ficking and nuclear/eytoplasmic import/export in 
‘noer development, (2) trations rescach cine 
Targeted therapy and oral DNA vaccine. In al 
tion, applicants with expertise in stem cel bolo 
froteom approaches or animal mexkel to chaclate 
i molecular mechariams that cause cancer areal 
‘encourage to apply. Applicants must have a doctoral 
Alcgree with postactoral experience, Multiple Tost 
‘doctoral Fellowships are So availble, Those sh 
received a PhD. deyece anid are interested in he 
abexe-mentioned fis are encourage tn apply. tn 
terested applicants should snd a keer and cue 
im vitae to’ Profexwor Mien-Chie Hung, Chair, 
‘Molecular Medi 
na Medical Univenity Hospital. Mailing 
‘ldress: Department of Molecular and Cellular 
‘Oncology, The Univenity of Texas M.D. Anderson 
Cancer Center, 1518 Holcombe Boulevard, Hi 
tom TX 77030, E-mail: mhung@mdanderson.org. 


RESEARCH PROFESSOR 
The Medical Genetics Rescarch Center at State 
University of New York Upstate Medical University 
sccks to fil tenure-track ASSISTANT or ASSO- 
CIATE PROFESSOR position for an iodiviual to 
promote research invoking the discovery or charae 
erization of causative genes and pathophysiological 
‘icchaniany intragenic in rotent meade of ds 
fase The position raquitescapertise in QTL mapping 
The selected individual will he expected to develop 
an independent research program and ao to pr” 
‘ide asitance to other faculty. The position rus 
A PRD. in a reevamn dopline (c4, Diology, biochem 
istry, phsiology, genetics, peychology, ‘zoology ) 
Candidates should send theif curicukinn vitae an 
a letter describ research intcrests to Stephen V 
Faraone, Ph.D, Director, Medical Genetics Re 


search State University of New York Upstate Med 
ical University, 750 East Adams Strect, Syracuse, 
NY 13210 0 


snail the sanie to e-mail: genetics 


wow sciencecareers.org, 


Reena arena 
peepee 
ee 
Piero oe 


three references to 
Dr. Thomas R. Klei 
Chaie of the Search Committee 
Louisiana State University Department of 
Veterinary Science 
ALL Dalrymple Building 
0 Rouge, LA 70803, 
Telephone: 225:578-9727, fax: 225-578-4890 
Eomail: Kei@vetmed sued 
i erie emg of te LSU 


(CELL/MOLECULAR or MICROBIOLO 
(One-year poniion to teach parts of the intron 
ony sequence i her/his 
expertise rl coure 4 


cal bidlogy 
toral reacarch and/or texhing eapercnce 
preferred, See description at website: htepe/ / www 
Dios org/faculty.m or contact De. Dean Praga, 
Chair, Department of Biology at telephone: 330: 


263-2557 or email: dirags@woonter.cdu. The 
‘ Wander as Affirmative Acton Ue Opp 
OSTDOCTORAL_OPPORTUNITIE 


POSTDOCTORAL POSITION, ORGANIC 
CHEMISTRY (mainkind United States only), the 
University of Texas (UT), Austin, lition sval 
alle immeatey to invesbpate organic dye inter 
Thon with cellone foe cctmorm paper appheators 
recent Ph.D. in organi chensstry required, Working 
Knowlalge of exgank: dye synths procadures and 
chemial procssing equpment ancl in. an crganic 
hemisry beratory. Experience with polbmer ox 
Bestion and eran sya sale, Contact e-mail: 
mbrown@muilatexascu with rewme /cer 
an moms of tree ween. CT 

Epa Cppoee 


POSTDOCTORAL POSITION immediatly 
available to study the tumorigencsim of chddhond 
Sobd tomors. Applicant must have Ph.D. and, 

MLD. degree. Experience in moleeular biology an 
animal sais is exe, Send curiam sae and 
thrce refrences tor Dr. Lingtao Wu, Department 
ff Pathology, MS 103, Childrens Hospital Los 
Angeles/Universty of Southern California Keck 
School of Medicine, 4650 Sunsct Boulevard, Los 
Angeles, CA 90027. E-mail: lingtsow@usc.du. 
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FACULTY POSITIONS 
ASSISTANT/ASSOCIATE PROFESSORS of 
PHARMACOLOGY 
Creighton University School of Medicine 
The newly expanded Department of Pharmaccol 
gy in the Creighton University School of Medicine 
Invites applications for wo tenure-track ful pot 
tions at the Assstant or Atocate Professor Hevel 
beginning in the fall of 2007, or thereafter. We seek 
utstanding scientists with 3 Ph.D., M.D, oF equi 
lent degree in pharmacology’ or a related area. We 
Se interested ia candidates who wil establish am 36 
tive, independent, extramural funded rescarch pro 
fram and participate in profesional ant gradvate 
Student teaching. While the candidate's interests 
Should complement the rescardh strengths of the 
Department and the school, the excellence of the 
candidate is more important than his/her research 
focus, Program strengths within the Pharmacology 
Department include G protein-coupled receptors, 
receyeor gone expression, signal transduction, ion 
channel moxtlation and drag elincovery, i the eon 
tent of the cardiovascular system, nervous system, 

fxosrine gland and cancer, Website 


Pharmacology. These a new pen 
Shih the renovation and expansion of the 
ology Department 

The School af Medicine it one of nine schools or 
colleges, including professional schools of business, 
iaw, nurung, dentistry, pharmacy, and health profes 
sions, and a graduate school, within Creighton Unt 
Serut. Found in 1N78, Creighton Uriverty ia 
‘Catholic, Josie institution with an enrollment a 9 
prenimatcly 6,725 studemts, Creghon Univerity 

wader ranked as one of the finest comprehen 
Sine universes inthe nation by U.S News and World 


submit curriculum vita, a bre 
research plane, and a list of Ue wer 


noes 0: Dr. Peter Abel, Search Committee Chait 


Department of Pharmacology, Creighton Univer 
sity School of Medicine, 2500 California Plaza, 
‘Omaha, NE 68178. E-mail: pabel@ereighton.cda. 
Agytiations receive! by Tune 30, 2007, are asad 
fill cemearation, 


son Uratnity tigi Oppoiy, Alms 
= Engle 
WILLIAM JEWELL COLLEGE, Visiting, AS: 


SISTANT PROFESSOR of BIOLOGY, Tw 
positions open (plant ecology; genetics). Both are 
Teo-yesr, fullrime, nontentee track, etctive fall 
3007. Qaliiations: PhD. oe alltuedisertation i 
the bedopcal sence, teaching experience and rend 

teaching and scholarship, eae sce te Al fob 
pouting at website: hetp:// www jewelledu for 3 

mplcte fob despa and insintons 3 

18 an appicat 


ARKET PLACE 


Uspats436,147 waned chpeputnen con 
Col Ab Poptides ToR00SEhSNI6I 
fon 11asv600708_sewreabpeps.com 


For All Synthesizers 


‘[EStendard and Specialty CPGs 
‘EBulk Column Pricing Available 


BIOSEARCH +7 800.GENOME1 
ECUNOLOGIES — raticohinnacom, 


493 


jenceCareers.org 
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New PRobucts, SERVICES, AND SOLUTIONS 


microRNA 
Microarray Service 


LEADING PROVIDER OF HBV AND HCV 
REAGENTS FOR RESEARCH 
[AND DIAGNOSTIC APPLICATIONS. 


VIROGEN 


IMMUNO HISTOCHEMICAL DETECTION 
OF GLUTATHIONE AND CYSTEINE! 


Whole blood cells stained with 
anthGlutathione monoclonal 
antibodys101-A 

COMING SOON: NEW MONOCLONAL ANTIBODY 
FOR DETECTION OF CYSTEINYLATION 

OF PROTEINS, 102-A! 

PRODUCTS'FOR OXIDATION RESEARCH 


Glutaredoxin1 (GRX1) and Glutaredoxin2 (GRX2) 
from yeast, Saccaromyces cereviseae 


Heart staining with 
anti-Glutathione antibody, 101-A, 


200 Dexter Avenue, Watertown MA 02472 USA 
tel: (617) 926-9167 | fax: (617) 926-9157 
order online for fast delivery www.virogen.com 


Comprehensive Service 
From your sample to fully analyzed microarray data, 


The Most Current Sequence Content 
All species, Sanger miRBase Versioni@iii(Feb 2007) 


}1Paraflo™ Microfluidic Chip Technology 
Probes optimized, highly reproduGible and reliable data, 


Customizable Sequence Content 
Test your microRNA predictions BM extra cost. 


www.l|csciences.com 


Got the TOPO blues? 


GC Coming TOPO Adoring 
Lose the blues with Lucigen’s new 
GC Cloning & Amplification Kits 


GC Cloning” is analogous to TA cloning 
and offers advantages aver TOPO cloning: 


+ Many more recombinants with the co 
* Clone tough ONAS or nanogram amounts 
+ No TOPO-related aritacts 


8 easy proto 


GrantsNet. 


The first comprehensive 
science grants database. 


GrantsNet is expanding its listings of some 


900 funding programs from private foundations 


This provides the first comprehensive 
database of funding opportunities 10 


h scientists and administrators, career 


nselors, financial aid specialists, and 


gradua 
listings, go to 


e and graduate students. 


emis 


‘@2o07 es Faker Scenic ic Al ight resene. Al 
ar the propery of heres Flier Seat ne wie subeiaes, 


Reuse. Recycle. Restore. 


Restore™ Western Blot Stripping Buffers efficiently strip your antibody and let you recycle your Western blots 


Hight 


* No need to rerun gels; reprobe the membrane using the same i 
target sample 


* Provides more efficient removal than “home-brew” buffers Benet —- we 
* Does not damage target protein after stripping and reprobing 
* Odor-free Aepobet 


* Less expensive than competing stripping buffers 


Reprobing with different antibodies. 
HeLa cell lysate was probed for actin and 
detected with Pierce ECL Substrate (Original 
panel). Blots were then stripped with either 
Restore Plus Stripping Buffer or competitive 
stripping buffers (Stripped panel). The blots 
were then re-blocked and reprobed for 
cyclophilin B and detected with Pierce ECL 
Substrate (Reprobed panel) 


Learn more 


Visit www.piercenet.com/restore3, email Pierce.CS@thermofisher.com 
or call 800-874-3723 oF 815-968-0747. 


Thermo 


Part of Thermo Fisher Scientific SCIENTIFIC 


just add water 
@ 


Biomatrica 


THE BIOSTABILITY COMPANY 


www.-biomatrica.com 


